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Table 8.1. Comparison of the maximum adsorption capacities (Qm) of 




   The synthetic process in which the formation of nanoparticles and the 
self-assembly of those nanoparticles as building blocks are coupled together  
represents an efficient strategy towards stable nanostructures with relatively 
large geometric dimensions, well-defined shapes, structural hierarchicy and 
desirable porosities. In this dissertation, through employing appropriate 
soft/hard templates and controlling the reaction kinetics and thermodynamics, 
a series of novel physicochemical processes were developed to generate a 
wide variety of hierarchical 1D, 2D and 3D nanostructures with complex 
chemical compositions, structural integrities and/or porosities, which were 
then evaluated as electrocatalysts, heterogeneous catalysts and adsorbents. 
Based on the properties of their chemical compositions and potential 
applications, the nanomaterials involved in this thesis could be categorized 
into two groups, as covered below. 
    One is associated with the noble metal-based nanostructures which are 
mainly employed  as electrocatalysts. Specifically, by controlling the redox 
kinetics within the soft-templates formed from a Hofmeister effect between 
the cationic surfactant CTAB and the relevant metal chloride complexes, 
simultaneous synthesis and assembly of various noble metal nanoclusters 
(NCs) were realized, generating mesoscale assemblages of Au, Pd and Pt NCs 
with different well-defined geometric shapes and dimensions. As those 
xvi 
 
assemblages have different structural flexibilities, both their structures and 
chemical compositions could undergo further transformation. On this basis, a 
non-galvanic replacement approach was developed towards Au-based alloy 
hollow nanorods by controlling the transition-metal-cation-induced 
coalescences among the AuNCs within the rod-shaped AuNC assemblages, 
forming a series of Au and AuxMy (M = Cu, Ag, Pd) polycrystalline alloy 
nanotubes with ultrathin porous walls. Moreover, an indirect galvanic 
replacement reaction has been developed to control the redox kinetics between 
Au(I) species and Cu, generating hyperbranched 2D Au nanofractals with high 
structural integrity which consists of numerous ultrafine Au nanowires with 
diameter below 5.0 nm. The deposition location, density and the local 
morphological features of thus-formed Au nanofractals could be well 
manipulated by controlling the process kinetics. The catalytic performances of 
the above noble metal-based nanostructures or nanocomposites were evaluated 
for methanol electrooxidation, the construction of H2O2 electrochemical sensor 
and the photo-degradation of organic dye.  
    The second category involves the Al-silicate-based hierarchical 
nanocomposites prepared using solid precursors of aluminum carboxylates 
with differentiated crystallinity as both the template and the aluminum sources. 
Specifically, when starting from the well-crystallized MIL-96 (Al) colloidal 
particles with well-defined size and morphology, a new type of monodisperse 
bipyramidal-shaped nanoreactor which has a mesoporous Al-silicate nanoshell 
xvii 
 
and a porous Al2O3 core support was realized through a stepwise hydrothermal 
strategy. As a comparison, when amorphous aluminum carboxylate particles 
are used as the starting material, simultaneous synthesis and assembly of 
allophanes are achieved, forming a spherical mesoporous assemblages of 
allophanes with large surface area and pore volume. Moreover, when the 
calcinated MIL-96 (Al) colloidal particles are used as the aluminum source, 
Al-silicate nanoflowers with ultrathin nanopetals are resulted in and the 
polyethyleneimine could be grafted onto thus-formed Al-silicate nanoflowers, 
leading to inorganic/organic nanocomposites. Such hierarchical nanostructures 
of Al-silicates with different structural merits and porosities were explored as 
heterogeneous catalytic supports for preparation of highly active nanocatalysts 
with remarkable catalytic stability or as excellent adsorbents.  




Chapter 2 Literature Review 
2.1 Templated synthesis of nanomaterials   
2.1.1 Amphiphiles and their self-assembly behaviors  
      When it comes to the wet synthesis of nanoparticles, it is unavoidable 
to talk about hydrocarbon amphiphiles which could be either surfactants or 
polymers and have played an irreplaceable role in shaping the chemical 
synthesis as well as their handlings of nanomaterials.[1, 2] Amphiphiles could 
change both the reaction kinetics (especially the kinetics of the crystallization 
process) and the thermodynamics significantly. In the first place, due to the 
high ratio of surface atoms, nanoparticles have high surface Gibbs energy and 
consequently in general are associated with poor structural and chemical 
stability compared with their bulky counterparts. Therefore, during the 
synthesis, it has been well recognized that the presence of surfactants or 
polymers in the system are necessary to inhibit the isotropical or the 
anisotropical growth of the nanoparticles. This is because that the surfactants 
or polymer could passivate the nanoparticles by adhering (which would be 
either none-selective or facet-selective) on the nanoparticles and thus decrease 
their surface energy. Meanwhile, driven by the thermodynamic need to 
minimize the system energy, naked nanoparticles are susceptible to 
aggregation or particle coagulation, especially in the events where there are 
changes in the ionic strength, pH and temperature of the solution. In such 
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cases, the surfactants and/or polymers residing on the surface of the 
nanoparticles work to stabilize the nanoparticles by either providing a steric 
hindrance to prevent any two adjacent nanoparticles from immediate contact, 
or repelling any two neighbor nanoparticles away from each other via the 
electrostatic repulsive forces. Another important role of surfactants is their 
soft-templating effects via the formation of various micelles. Up to date, 
surfactants have played an irreplaceable roles as soft-templates for controlling 
the shape of the nanostructures and as pore-directing agents in the design of 
various mesoporous nanomaterials with different chemical compositions and 
pore structures. Besides, surfactants also contribute a lot to the rich 
self-assembly behaviors of the nanoparticles. Therefore, herein a brief 
literature review on the general properties and their self-assembly behaviors of 
the surfactants is included prior to any discussion on the nanoparticles-related 
topics.  
      Hydrocarbon amphiphiles which corresponds to a field with an even 
longer history than that nanotechnologies have found very important roles in a 
wide variety of occasions varying from the lab to the industry and also to our 
daily lives. An amphiphile consists of both a hydrophobic head and a 
hydrophilic tail. According to the well known "like likes like" principle, 
hydrophilic molecules dissolve well in water (a polar solvent), whereas 
hydrophobic molecules dissolve best in an apolar solvent. Therefore, 
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amphiphile molecules orientate their domain with the highest affinity for the 
solvent toward that solvent, while the other part of the molecule turns to avoid 
contact with the solvent.[3] In this way amphiphilic molecules could 
demonstrate rich self-assembly behaviors when their concentration is above 
the critical micellar concentration, which leads to formation of the micelles 
with well-defined shapes and sizes. Depicted in Figure 2.1, an amphiphile 
molecule was depicted with a hydrophilic head (the blue ball) and a 
hydrophobic tail (the green yellowish shot curve). Figure 2.1a, a spherical 
micelle, is one of the most often observed micelles where the hydrophilic head 
interacts with water whereas the hydrophobic tails entangle with each other to 
minimize their contact with water.   
 
Figure 2.1. Various micelles formed from amphiphiles: (a) a simple spherical 





       In addition to the spherical micelles, assemblies with much more 
complicated structures and geometric dimensions could also be formed, such 
as 1D-rod shaped micelle (Scheme 1b), 2D laminar structure (Scheme 1c), 3D 
vesicles (Scheme 1d) or even more complicated 3 D structures such as 
colloidal bi-continous cubosomes.[4] The sizes and shapes of such micelles or 
the vesicles are regulated by a great variety of physicochemical factors, 
including the counterion types; ionic strength, pH value, temperature et al. In 
general, empirically, the shapes and sizes of the assemblies from the 
amphiphiles could be roughly predicted by the so-called critical packing 
parameter cpp=v/ a0lc,[5] where v and lc are the volume and the length of the 
hydrophobic chain, respectively and a0 is the interfacial area occupied by the 
hydrophilic head group. As shown in Figure 2.2, different values of critical 
packing parameters corresponds to micelles or vesicle with distinct sizes and 
shapes. For example, a packing parameter smaller than 1/3 is usually 
associated with spherical micelles whereas planar bilayers could be formed 
with a packing parameter of 1. Consistently, changing of the physicochemical 
environment such as the pH value, the ionic strength and temperature et al 
could be reflected on the critical packing parameter. Notably, it should be 
mentioned that, among these factors, change of the counterions could lead to 
dramatic changes on the interfacial area of the hydrophilic head group for 
ionic amphiphiles. This is because that counterions with different charges and 
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sizes have different affinities towards the charged head, which therefore 
compresses the double electrical layers of the charged head groups and change 
the critical packing parameter profoundly.  
 
 
Figure 2.2. Molecular shapes and critical packing parameters of surfactants 
and lipids and the structures formed.[5] 
       
    Besides micelles, various emulsions with different sizes could also be 
formed when an oil phase is mixed with water in the presence of a surfactant 
and/or a cosurfactant, and it could be either an oil-in-water type or a 
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water-in-oil type depending on the  hydrophile-lipophile balance number of 
the surfactant involved. For instance, the reverse micelle[6] is a typical type of 
water-in-oil microemulsion which has been frequently used as microreactors 
and hosts for various biological molecules.[6, 7]       
2.1.2 Soft-templated synthesis of (mesoporous) nanomaterials  
        The rich self-assembly behaviors of amphiphiles enable them to be 
excellent candidates as soft-templates to produce various nanostructures with 
corresponding shapes or as pore-creating agents to generate mesopores. Both 
micelles and reverse micelles have been used in the synthesis of a wide variety 
of inorganic nanostructures. For example, various metal-based materials such 
as metal,[8, 9] metal oxide,[10] metal sulphide[11] nanoparticles[12] could be 
formed with these soft-templates, mostly with the thermodynamically 
preferred spherical or the rod-like shapes.[13] For example, the synthesis of 
gold nanospheres or nanorods were well investigated with the presence of 
CTAB-based template.[14-16] Figure 2.3 demonstrates a typical example of 
synthesis of Au/Pd alloy based on the reverse micelles where the reduction of 
the metal precursor and the nucleation takes place and as a result the growth of 




Figure 2.3. Formation of Au/Pd alloy nanoparticles by using the reverse 
micelles as a microreactor.[17]  
 
Figure 2.4. Micelle-templated synthesis of Ag@SiO2 with the assistance of 
block copolymer.[18] 
 
Organosilica hollow nanospheres and nanotubes[19] or thread-like silica 
colloid[20] have been produced with the assistance of single micelle formed 
from Pluronic F127 (EO106PO70EO106) block copolymer. In this case the 
precursor of silica (e.g., TEOS) would reside and condense on the interface of 
15 
 
the micelle, as such the shape of the micelles is registered within the 
condensed phase. Nanostructures with higher level of complexities in 
structures and compositions could also be produced using micelles with 
relevant complicacy. For example, shown in Figure 2.4, by using a complex 
micelle of silver ions and a double hydrophilic block copolymer, 
poly[3-(methacryloylamino) propyltrimethylammonium 
chloride]-block-[2-(dimethylamino) ethyl methacrylate] 
(PMAPTAC-b-PDMAEMA) as template, core–shell Ag@SiO2 nanoparticles 
could be produced.[18]  
     Besides the synthesis of the nanoparticles, soft templates have also been 
employed widely as templates for creation of ordered mesoporous inorganic 
materials with high specific surface area and large porosity, such as 
mesoporous SiO2, aluminum silicate, Al2O3 and various transition metal 
oxides such as TiO2. For example, oligomers such as alkyl poly(ethylene 
oxide) and alkylphenyl poly(ethylene oxide) surfactants are facile 
supermolecular templates. Usages of their liquid-crystalline phases in  
different conditions such as different pH values, solvents, with/without 
addition of external ions have been well exploited for different systems to 
mediate the structural features such as pore arrangements, sizes, stability and 
chemical compositions et al.[21] Among various ordered mesoporous silica 
nanostructures, SBA-types such as SBA-15 which is usually prepared with the 
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pore-directing agent such as Pluronic P123, and MCM-41 which is fabricated 
in the presence of CTAB, are among the most widely studied.[21, 22] As shown 
in Figure 2.5, in forming such mesoporous materials, the precursors hydrolysis 
or condense on the interface between the soft templates and the solution; 
afterwards the templates are often removed via post-synthesis treatment such 
as calcination or solvent extraction, through which the corresponding voids 
with sizes and shapes similar to the micelles are created. Thus-generated pores 
are often highly ordered, and their pore shapes could be either nearly spherical 
cage, cylindrical channels or bi-continuous channel.  
 
Figure 2.5. Micelles-templated synthesis of MCM-41using CTAB.       
      It should be pointed out that such soft templates based on micelles or 
reverse micelles in practice do not produce 100% shape monodispersity. And 
as reviewed previously, they are not quite stable in the occurrence of 
temperature, pH value, ionic strength changes which are almost unavoidable 
when the reactants are introduced sequentially. Especially, it has been 
frequently observed that the ionic species, especially the anions, significantly 
influence the pore structures of the resulting solid particles. In this regard, a 
well-known phenomenon named as Hofmeister anions finds important 
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applications.[23] According to this Hofmeister effect, anions are divided into 
salting-in ions (or cosmotropic ions) which increase the protein solubility and 
salting-out anions (or chaotropic ions) which decrease the protein solubility. 
The cosmotropic ions usually have small Pauling radius and relatively small 
polarizabilities. They have high electrical field within short distance, and it is 
difficult for them to lose their water of hydration.[23] Contrarily, the chaotropic 
ions are normally relatively large in size, with higher polarizabilities and weak 
electrical field. It has been observed that chaotropic ions could perturb the 
phospholipids' head groups in a significant way. Therefore, when a cationic or 
non-ionic surfactant is used as the pore-directing agent, the presence of the 
chaotropic anions would interact strongly with the head groups of the 
surfactants and changes the sizes and shapes of the micelles. For example, the 
sphere-to-rod transition of the alkyltrimethylammonium surfactants induced 
by the couterions has been intensively studied and always follows the 
Hofmeister sequence SCN > NO3 > Br > Cl > OH > F. And some of the 
Hofmeister ions, specifically, those large complex anions with large 
polarizabilities could form water-insoluble ion pairs with amine-based 
surfactants; AuCl4- is a typical example of this type.[23, 24]  So far Hofmeister 
anion effects have been applied to materials synthesis with remarkable 
successes,[2, 23, 25-28] but researches on this topic have been largely limited to 
non-metal anions in mesoscopic systems.  
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2.1.3 Hard-templated synthesis of nanomaterials  
     In addition to the aforementioned soft-templated synthesis, the usage of 
preformed-nanostructures with well-controlled sizes and shapes represents 
another most-frequently practiced strategy to control the sizes and shapes of 
the end products. Empirically, two criteria need to be satisfied in terms of 
selecting a proper template. First, the shape and the size of the template 
nanostructures should be well controlled in a relatively facile manner, which is 
the prerequisite to guarantee the high structural integrity of the end products. 
Second, the cost of the template materials should be intrinsically low, since in 
most cases the templates are removed from the system ultimately. On this 
basis, typical solid templates include Stöber SiO2 nanospheres,[29, 30] carbon 
nanospheres[31] and polystyrene spheres[32] are often used, the syntheses of 
which are generally 
 
Figure 2.6. Usage of spherical SiO2 as hard templates to produce porous 
materials, and the SiO2 templates could be removed through etching. [30]
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very mature and highly repeatable. As exemplified in Figure 2.6, in these 
cases the templates are usually inertial and do not participate in the chemical 
reactions. And in most cases they are removed via chemical or physical 
etching (e.g., for SiO2) or calcination in air (e.g., for carbon). Templates with 
other shapes and chemical compositions are also used. For example, AAO 
membranes with ordered cylindrical holes have been employed widely for 
synthesis of rod-shaped 1D nanostructures.[33] 
 
Figure 2.7. Schematic illustration of the formation of Ag2S/Ag heterodimers 
synthesized in the present work: (i) with standard reaction conditions, (ii) with 
addition of a strong reducing agent NaBH4, and (iii) with assistance of UV 
irradiation.[35] 
    Nanostructures of some transition metal oxides with well-controlled 
shapes have also been used as templates for producing relevant derivatives. 
Different from the inertial SiO2 or carbon nanospheres, such transition metal 
oxides are chemically active and participate in the reactions often through 
anion or cation exchange reactions. For example, multishelled Cu2S hollow 
nanospheres could be produced through anion exchange process using the 
Cu2O as the starting materials and the template.[34] Moreover, both the cation 
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and the anion could be exchanged, leading to a hollow sphere which has 
completely new chemical composition. For instance, shown in Figure 2.7, 
Ag2S hollow spheres were produced using Cu2O solid sphere as the template; 
an anion exchange process and then a cation exchange process was conducted 
consecutively.[35] Partial reduction of the Ag2S leads to the formation of the 
Ag-Ag2S heterodimer, whose TEM image is shown in Figure 2.8.[35]   
 
 
Figure 2.8. Ag-Ag2S heterodimer formed from the consecutive anion and 





    In addition to the above cases, the galvanic replacement reactions 
between solid templates and metal precursors are also extensively employed 
for production of nanostructures, especially for the synthesis of noble metal 
nanomaterials such as Au-based or Pt-based nanowires or nanorods. In such 
cases, restricted by the thermodynamics, the template materials should have 
lower standard oxidation potentials which thus allow occurrences of 
oxidations, whereas the metal precursors with higher standard oxidative 
potential could be reduced and deposited on the template subsequently. Te, Ag 
and Cu nanowires with well-controlled morphology are good choices of the 
metal templates.[36] Alloy might be formed from such galvanic replacement 
reactions.[37] Note that such galvanic replacement reactions are not limited to 
metals. It is reported that galvanic replacement reaction between different 
metal oxides could also occur.[38] 
    Whereas wide successes have been achieved in producing nanostructures 
with well-controlled shapes and sizes using various hard-templates, it should 
be pointed out that most of these hard-templated approaches lead to generation 
of hollow structures, due to the removal of the template or the well-known 
Kirkendall effect during the ionic exchange or the galvanic replacement 
reaction processes. Besides, in most cases, the hard templates are merely used 
for their geometric shapes, and the relevant elements need to be removed from 
the system at the end of the reactions. As a consequence, the elemental 
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efficiency of the template material is inherently low and chemical wastes are 
resulted in accordingly, no need to mention the tedious post-synthesis 
treatment required for the removal of the hard templates.  
2.2  Self-assembly of nanoparticles  
2.2.1 Self-assembly of preformed nanoparticles 
   While the bottom-to-up synthesis of nanomaterials have been witnessed 
with great successes in the past three decades, the self-assembly approach 
which employs the nanoparticles (often with regular sizes and shapes) as 
primary building blocks represents another closely-related synthetic strategy 
to construct 1-dimension, 2-dimension or 3-dimension nanostructures which 
have higher levels of complexities and geometric sizes than their simple 
building blocks. Self-assembly of nanoparticles could be realized either using 
preformed nanoparticles or simultaneously being coupled with the formation 
of nanoparticles via an one-pot process.[39] The assembly of the preformed 
nanoparticles could be considered as a post-synthesis approach. A typical 
example of the post-synthesis approach is illustrated in Figure 2.9. As 
observed, the self-assembly of monodisperse Cu2O nanospheres was realized 
successfully with the assistance of Tween 85.[40] To control the assembly 
behaviors of the preformed nanoparticles, one of the most decisive factors to 





Figure 2.9. TEM images of Cu2O solid spheres: (a, b) single layer of 
hexagonal close-packed superlattices, (c, d) double layers of hexagonal 
close-packed AB superlattices, (e, f) triple layers of hexagonal close-packed 
ABA superlattices, (g, h) triple layers of hexagonal close-packed ABC 
superlattices, (i) double layers of square superlattices, and (j) triple layers of 
square superlattices. Overlapping effects of these superlattices in the TEM 
images are illustrated with purple spheres (the first layer), green spheres (the 
second layer), and blue spheres (the third layer).[40] 
 
 
ordering requires usages of highly monodisperse primary building blocks. In 
addition to this, the involvement of appropriate amphiphiles is also necessary 
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for surface modification of the building blocks such that the building blocks 
possess similar surface properties as the corresponding amphiphiles. As such, 
the interactions between any two adjacent nanoparticles are actually 
dominated by the interactions among the amphiphiles on their surfaces. In 
such circumstances, one could expect that the self-assembly behaviors of the 
modified nanoparticles would somehow resemble that of the relevant 
amphiphiles. Normally, highly ordered mesoscale superlattices and 
supercrystals are produced from this strategy using building blocks with 
different shapes and chemical compositions. For example, 2-dimensional and 
3-dimensional superlattices of cubic, spherical and rice-shaped Mn3O4 
nanoparticles have been realized with the assistance of oleylamine.[41] In 
addition, assembly, disassembly and reassembly within the same system have 
also been demonstrated.[42] As depicted in Figure 2.10, upon addition or 
removal of ethanol, the Tween 85-modified Co3O4 nanocubes could be 
assembled and reassembled in a reversible way.[43] Note that, though the 
self-assembly of the preformed nanoparticles has been well demonstrated in 
many systems, however, most of these self-assembly processes occur in a 
short range and only occur during the evaporation of the solvent, typically on 
a carbon-coated copper grid during the TEM sample preparation. 
Consequently, the applications of the end assemblages resulting from such 
self-assembly behaviors seem to be limited since they are not even 
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freestanding and might be lacking of the structural stability when being 
processed within a different physicochemical environment.   


Figure 2.10. Reversible structural transforming processes of micelles upon the 
addition or removal of ethanol (cross-sectional views, only the boundary 
Tween-85 is drawn): lamellar micelles (top view) in which Co3O4 nanocubes 
self-assemble into a 2D sheet, a mixture of rod-like and spherical micelles, 
and individual “single-cube” micelles.[43] 
 
2.2.2 Coupled synthesis and self-assembly of nanoparticles 
      Self-assembly of nanostructures has also been successfully integrated 
with the formation process of the relevant building blocks, which is usually 
realized through one-pot processes; thus-coupled synthesis and self-assembly 
processes often generate hierarchical nanostructures with relatively high level 
of complexities and functions. Moreover, formed in the solution, such 
assemblages are normally freestanding structures and often possess 
well-defined boundaries and shapes and a relatively high level of structural 
rigidity, which thus could well maintain their morphology even when the 
physicochemical environment changes. That is, different from the previous 
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case discussed in section 2.2.1, assemblages formed in the one-pot process 
allow post-synthesis manipulation during which each individual assemblage 
could be treated as an integrated object with well defined boundary and 
stability. Moreover, as in each assemblages there are often numerous building 
blocks, the inter-particulates within each assemblages provide an unique 
source of cavities, endowing a certain degree of porosity to the assemblages. 
The above interesting features have been frequently observed in many systems. 
Stable semiconductor nanorings with high structural integrity have been 
produced from the self-assembly of the relevant nanocrystals.[44] Oriented 
attachments among the nanocrystals  might be the mechanism underlying 
such automatic self-assembly process. Shown in Figure 2.11, starting from a 
solid Zn sphere, dandelion-shaped hollow assemblages of ZnO nanorod could 
be fabricated, which was reported to be regulated by a modified Kirkendall 
process.[45]  
   As exemplified in Figure 2.11, to induce the occurrence of simultaneous 
synthesis and self-assembly in a one-pot process, a precursor with a specific 
shape is often used as both of the starting material and the template. In this 
regard, Stöber silica nanospheres, due to their ease of synthesis, their moderate 
chemical reactivity and their monodispersity, have been used widely in 
developing hierarchical metal silicate nanostructures. For instance, shown in 
Figure 2.12, recently, by hydrothermal treating the monodisperse SiO2 
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nanospheres with relevant metal salt, a hierarchical manganese silicate hollow 
nanosphere has been fabricated. There are numerous nanobubbles of ca. 7 nm 
in diameter within each individual microbubble of more than 200 nm in 
diameter.[39]  Besides, structured assemblages of single-walled copper silicate 




Figure 2.11. Spherical hollow assemblages of ZnO nanorods produced via a 




Figure 2.12. TEM images of (a) SiO2 nanoparticles; (b,c) the spherical 
microspheres which are formed from assembly of (d) numerous hollow 
nanobubbles of  manganese silicate.[39] 
      Due to the monodispersity of the startig SiO2 nanosphere, the resulting 
assemblages possess similar levels of monodispersity in general. The critical 
factor in the morphological control is to modulate the kinetics of the 
compositional and structural transformation. While the Stöber SiO2 is certaily 
a good plateform for compositional and structural transformation to realize 
simultaneous synthesis and self-assembly process, the chemical compostions 
of the end products are mostly limited to silicates. In recent years, numerous 
metal-organic framework (MOF) species have been synthesized with excellent 
control over their morphology and sizes. Therefore, it is expected that MOF 
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colloidal particles with well-defined shape and sizes might also serve excellent 
candidates as both the starting precursors of the metal and the template or 
platform for self-assembly, such that hierarchical structures with different 
levels of complexities in both structures and compositions could be explored.  
2.3  Synthesis of nanocatalysts 
     Along with the rapid development of nanotechnology over the past 
several decades, nanocatalysts, especially supported nanocatalysts, have also 
been both intensively and extensively investigated.[47] Compared with those 
bulk materials with larger sizes, nanocatalysts, with their small sizes and high 
specific surface area, are privileged in terms of their high catalytic activity. 
However, maintaining the stability of the nanocatalysts is a crucial issue, as 
their active components which range from several to a few tens of nanometers 
are susceptible to impacts of high temperature, extreme pH values, high ionic 
strength and/or high pressure during the catalytic reactions.[47] Sintering of the 
active components might occur, which is disastrous for the catalytic activity of 
the nanocatalyst. 
    To improve the stability and thus maintain the catalytic activity of the 
nanocatalyst, various strategies have been employed, which generally fall into 
two categories. The first type involves usage of the so-called stabilizing agents 
which are usually either surfactants or polymers. Such stabilizing agents often 
stay or adhere on the surface of a NPs through physical adsorption.[48] The 
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stabilizing agents are either positively or negatively charged, or neutral,[49] 
which work based upon different mechanisms. The charged ones stabilize the 
NPs by rendering high Zeta potentials to the NPs.[50] That is, the NPs, after 
being protected by the stabilizing agent, will become positively or negatively 
charged. As such, there will be strong electrostatic repulsive forces among the 
protected NPs, which in return prevents the aggregation of the NPs. CTAB is 
one of the most frequently used  surfactants of this type.[51] Different from 
the charged stabilizing agents, the neutral surfactants or polymers stabilize the 
NPs via steric hindrance, which thus prevent two NPs from direct contact and 
hence aggregation among the NPs could be avoided.[52] Polyvinylpyrrolidone 
(PVP) is a good example of this regard, which is another frequently used 
polymer in nanomaterial synthesis.[52] Additionally, chemical molecules which 
contain atoms that interact strongly with the nanoparticles might also be 
employed. A typical example is the thiols which have been used to protect the 
gold-based nanoclusters or nanoparticles, due to the strong affinity between 
the sulphur atoms and gold atoms.[53, 54] Chemical adsorption might also occur 
when the surface atoms of the nanoparticles have high chemical affinity to a 
specific atom in the stabilizing agents.[55] Due to the significant chemical 
affinity, the stabilization effects towards the active nanoparticles are often 
more excellent compared with those from CATB or PVP. Whereas careful 
surface capping of these active nanoparticles is one way to stabilize the 
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nanoparticles, it is a compromise between the catalytic reactivity and stability. 
Falling of the surfactant or polymer from the nanoparticles could still occur 
when the solvent, the pH value or the temperature changes, and consequently 
aggregation of nanoparticles could still occur.  
      Alternatively, capping the active nanoparticles individually with a hard 
shell of micro- or mesoporous inert material is another important strategy. For 
example, when protected separately within a hollow chamber, the active NPs 
will be less likely to fuse together or detach from the support.[56-59] SiO2 is the 
most frequently studied shell materials. Mesoporous SiO2 with different 
thicknesses could been coated on metal NPs with various shapes, such as gold 
nanorods, transition metal oxides such as ZnO nanoparticles.[60] Actually, 
using TEOS as source of Si and water/ethanol as the solvent, SiO2 coating 
could be conducted successfully on all the inorganic nanoparticles.[60] As 
exemplified in Figure 2.13, a layer of mesoporous SiO2 was coated on the 
carbon nanotube-supported nanocatalysts, and the mesoporous SiO2 could also 
be hollowed via chemical etching.[61] The SiO2 coated inorganic NPs become 
quite stable and can be dispersed in various organic or aqueous solvents. The 






Figure 2.13. TEM images: (a,b,c) pristine carbon nanotube coated with 
mesoporous SiO2; (d,e,f) hollow structured pristine carbon nanotube with a 
layer of mesoporous SiO2.[61] 
 
Coating of a preformed inorganic nanoparticle with other shell materials such 
as TiO2 has also been conducted frequently. For example, TiO2  has been 
coated successfully on gold spherical nanoparticles as well as carbon 
nanotubes.[42] As TiO2 is a type of important semiconductor, coating of TiO2  
renders photo-activity to the original nanoparticles in addition to its enhanced 
stability. Coating of the nanoparticles with a layer of carbon with certain 
thicknesses was also reported.[62] Additionally, there are also reports on 
formation of other shell materials such as polystyrene and/or other transition 
metal oxide. In addition to the above conventional materials, recently, as 
shown in Figure 2.14, SiO2-supported noble metal nanoclusters coated with of 
a layer of microporous MOF (ZIF-8) has also been reported, which not only 
improves the stability of the active components but also executes an influence 
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on the selectivity of the catalysts when used for hydrogenation of unsaturated 
hydrocarbons with different molecular sizes.[63] 
 
 
Figure 2.14. (a−d) typical TEM images of monodisperse Pd-mSiO2@ZIF-8 
core−shell microspheres. (e) TEM and STEM mapping images of two 
microspheres: (f) Pd, (g) Zn. (h) Line scan for a single microsphere: purple, Si; 
red, Zn; yellow, N; and cyan, Pd.[63] 
 
And when active components, i.e., the preformed nanoparticles, are integrated 
into a support which has accessible internal voids, nanoreactors with high 
stability could be constructed.[64] The number of the active nanoparticles 
within each hard shell varies depending on the preparative methodology. Most 
often a core-shell structure could be prepared by coating an active 
nanoparticle with a mesoporous shell of support materials such as SiO2 or 
TiO2;[49] void between the shell and the core could also be introduced by 
partially etching the nanoshell.[58, 65-67] Core-shell structures where both the 
core and the shell have the same chemical composition could also be formed 
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via Ostwald ripening or Kirkendall process, such as the core-shell structure of 
Cu2O.[68] In addition to the typical core-shell structure which has a single core, 
multiple active nanoparticles could be included within the same shell through 
various strategies. For instance, more than one nanoparticle could also be 
included in a SiO2 shell by firstly coating a porous shell of SiO2 on a carbon 
nanosphere or polystyrene nanosphere on which many active nanoparticles are 
predeposited and then removing the solid core.[56, 69-71]  It can also be done by 
loading active nanoparticles into a hollow shell or a core-shell rattle structure 
through the conventional impregnation-calcination method.[57, 64, 66, 72] This is 
because that the shell materials are usually mesoporous in nature, which 
therefore allows diffusion of the metal precursors; after the metal precursor 
solution fills the voids of the mesoporous materials, the mixture was dried at a 
proper temperature, such that the precursor salt was dried on-site within the 
voids; and eventually the metal precursor decomposes within the voids 
forming the corresponding metal oxide nanoparticles after calcination.  
        In general, the protection of an inorganic nanoparticle within the 
voids of a layer of hard materials has achieved huge success over the past few 
decades and has been proven to be an efficient method for stabilizing various 
inorganic nanoparticles. And in all of the above cases, with the presence of the 
inertial support materials, supported nanocatalysts are constructed accordingly. 
Nevertheless, in spite of the great development of technological strategies to 
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synthesize integrated nanocatalysts with stabilities and activities, there are still 
issues remaining to be solved. For instances, as reviewed, in most cases, the 
interiors of existing nanoreactors are quite simple, which are usually either 
hollow or have a single solid core; as a consequence, the interior space of the 
hard shell could not be fully used for hosting of active components. Second, 
when multiple active nanoparticles are accommodated in the same shell, 
fusion among the active nanoparticles within the same nanoreactor could still 
occur, since there is no secondary support to stabilize the nanoparticles within 
the same shell.  
     In addition to the above strategies to prepare integrated nanocatalysts, 
integrated nanocatalyst could also be constructed by introducing the active 
components into a pre-synthesized porous support material with well defined 
morphology and hierarchical structure. Various aforementioned hierarchical 
nanostructures of metal silicates generated from those 
synthesis-coupled-assembly processes represent a good example of this regard. 
The manganese silicate microbubble[73] which consists of numerous 
nanobubbles have been used as a versatile platform to support or host a series 
of metal or metal oxide nanoparticles which provides a surfactant-free 
approach towards nanostructured catalysts. As also shown in Figure 2.15, the 
spherical assemblages of copper silicate nanotubes, when reduced in H2 at 
lifted temperature, could be transformed into assemblages of the thin 
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nanotubes deposited with Cu nanoparticles, and could be used directly as 
catalyst for methanol synthesis from hydrogenation of CO2.[73] 
 
 
Figure 2.15. TEM images of (a) SiO2 nanospheres; (b,c,d) the spherical 
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Chapter 3.  Simultaneous Synthesis and Assembly of 
Noble Metal Nanoclusters with Variable Micellar 
Templates 
 
3.1 Introduction  
 
     Noble metals such as Au,[1] Pt [2] and Pd [3] and their metal sulfides[4] have 
been found wide applications in many fields such as catalysis, bioimaging and 
sensing etc.[5] It has been well established that the size of noble metal materials 
affects their properties and performances significantly.[6] At a size below 3 nm, for 
example, Au nanoclusters (NCs) lose their bulk-like electronic properties, which 
show no plasmonic excitation characteristics of relatively large Au nanocrystals.[7] 
When used as a catalyst, noble metal NCs with the size of 13 nm generally have 
high catalytic activity, good light transparency and size-dependent properties.[6, 8] 
Because of quantum confinement effects, luminescence phenomenon is also 
observed for small-sized noble metal quantum dots (QDs) or NCs.[9, 10] Up to date, 
there are a variety of methods to prepare noble metal NCs with size below 3 nm. 
They rely at least on one of the following synthetic techniques: two-phase 
liquids,[11, 12] organic solvents with low polarity,[1, 8] strong reducing agents such 
as NaBH4,[1, 11, 13] strong protection agents especially alkanethiols,[7, 10, 13, 14] or 
dendrimer macromolecules as nanoreactors.[15, 16] In addition, large biomolecules 
have also been employed to produce noble metal quantum dots below 1 nm.[17] In 
exploration of new possibility of making noble metal QDs or NCs, in this 
research, we present a one-phase approach which generates water soluble Au, Pt 
and Pd metal sulfide NCs with a size below 3 nm as reaction intermediates. The 
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major chemicals involved in this synthetic approach are rather simple  
cetyltrimethylammonium bromide (CTAB), a widely used cationic surfactant, and 
thiourea (Tu), a commonly used chemical in industry, and metal chloride 
compounds including HAuCl4, PdCl2 and K2PtCl4 as metal sources. End products 
Au, Pt and Pd NCs are formed at a mild reaction temperature below 80oC, and 
their particle size could be tuned within a range of 13 nm by adjusting process 
parameters. The formations of sulfide intermediate NCs and final metallic product 
NCs all can be explained from the standpoints of nucleation and growth kinetics. 
Our preliminary research also indicates that the as-prepared noble metal NCs 
have high catalytic activity and recyclability.  
   In another closely related line, self-assembly of various nano-building blocks 
with different extents of structural and compositional complexity, such as organic 
molecules,[18, 19] or inorganic nanoparticles (NPs) or their composites,[19-26] into 
hierarchical organizations has long been investigated.[27] For instance, 
self-assembly of hydrocarbon amphiphiles has been used widely in various 
household, research and industrial applications.[28, 29] The assemblages of 
amphiphilic molecules are dynamic and tunable in both geometry and 
dimension,[18, 30] and therefore can take on a rich variety of shapes and sizes 
through micelle interactions.[18, 28, 31] Giant micelles of surfactants or polymers 
with well-defined geometric morphologies have been investigated often using 
cryo-TEM, SAXS or SANS.[29, 32-34] In connection to the above investigations, 
self-assembly behaviors of hydrocarbon amphiphiles have been applied to 
nanotechnology mainly in two folds. One is to serve as soft templates to direct 
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shaped-controlled synthesis of nanomaterials.[19, 35] In this route, each individual 
NP is supposed to succeed the shape of the template. The other is as surface 
modifying agents to change the surface reactivity of preformed NPs and thus to 
guide the self-assembly of resulting nanocomposites. For instance, giant vesicles 
of inorganic and organic nanocomposites[19-26, 36] and ordered mesoporous 
materials with various architectures[36-38] were formed using different amphiphilic 
molecules. Such inorganic-organic hybrid frameworks with voids or high porosity 
are expected to have important applications such as controlled release, 
nanoreactors and so on. Nevertheless, in the latter route, macrostructures of such 
surface-modified NP assemblages are usually independent of giant assemblages 
of pure surfactants or polymers since these two self-assembly processes often 
occur in different physicochemical environments. In addition, there are also other 
works in which lipotropic liquid crystals formed from interaction of inorganic 
metal precursor and micelle solutions were used as soft template to produce 
mesoporous metal NPs with hexagonally packed cylindrical mesospace.[39, 40] In 
our present work, the giant micelles of CTA+-metal halide precursor complex, in 
which the metal halide is homogeneously distributed as counterions of CTA+, are 
formed with various well-defined geometric shapes, and on-site suffixation and/or 
reduction of confined metal halide precursors by Tu then generate 3D hierarchical 
assemblages of their corresponding metallic or sulfide NCs. Assemblages of the 
as-formed NCs well inherit the geometric features of giant micelle precursors. 
Therefore, for the first time, synthesis of metal NCs and their self-assembly have 
been integrated in one single micelle-assisted process, and related self-assembly 
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mechanisms of the giant micelle templates have also been addressed at molecular 
and mesoscopic levels.  
3.2 Experimental section 
3.2.1 Chemicals and materials    
The following chemicals were used as received without further purification: 
thiourea (Tu, CH4N2S, >99%, Alfa Aesar), cetyltrimethylammonium bromide 
(CTAB, CH3(CH2)15N(Br)(CH3)3, 99.6%, Fluka), HAuCl4 3H2O (>99.99%, 
Sigma Aldrich), K2PtCl4 (98%, Sigma Aldrich), PdCl2 (Sigma Aldrich), NaOH 
(Merck, 9%), ammonia solution (Merck, 32%), tetraethyl orthosilicate (TEOS, 
Si(OC2H5)4, Sigma Aldrich, ൒99.0%), 4-nitrophenol (4-NP, C6H5NO3, Fluka), 
sodium borohydride (NaBH4, Sigma Aldrich), polyvinylpyrrolidone (PVP, K30, 
Fluka), sodium sulfide (Na2S, Alfa Aesar) and hydrazine (N2H4 30%,  Aldrich). 
Deionized water was collected through the Elga MicroMeg purified water system. 
Lever locked plastic syringe (3 mL, National Scientific Company) and syringe 
driven filters (pore size 0.22 μm, JET Biofil) were used for separation of catalyst 
from reaction solution.  
3.2.2 Synthesis, assembly and characterization of Au, Pt and PdS 
NCs   
 As illustrated in Scheme 3.1, in a typical procedure, without specification, 120 
μL of Tu (0.25 M) and 10 μL of NaOH (15.0 M) was mixed with 10.0 mL of 
deionized water and stored in an electric oven at 80oC (named as solution A). At 
the same time, 1.0 mL of an aqueous solution of noble metal precursors, namely 
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HAuCl4 (0.01 M), or PdCl2 (0.01 M, pH = 1.0), or K2PtCl4 (0.01 M) and 100 μL 
of CTAB solution (0.10 M) were mixed in 10.0 mL of deionized water (denoted 
as solution B) and stirred at room temperature. After 0.5 h, solution B was added 
into solution A. After stirred for 2 min at ambient conditions, the solution mixture 
was either kept static in the electric oven or stirred in an oil bath at 80oC for 12 h 
to generate final products. Note that the volume of metal precursors used in each 
case was fixed at 1.0 mL; any changes in concentration of CTAB, molar ratio of 
CTAB to metal precursor (rc), concentration of Tu, pH value and reaction 
temperature would be specified when necessary. 
 
 
Scheme 3.1. Main experimental conditions and operations for preparation of  
NCs and their assemblages. 
 
   Apart from the above final products, solid intermediates (i.e., noble metal 
sulfides) were also prepared. In doing so, within 1 min after mixing solution A 
and solution B, the mixture was immediately centrifuged at 6000 rpm for 10 min 
and this step was repeated twice by replenishing with 5.0 mL of deionized water 
to get intermediate precipitate for analysis.  
Tu+NaOH
80 oC, 0.5 h
CTAB + metal salt









   The as-prepared colloidal suspensions were characterized by transmission 
electron microscopy (TEM, JEM-2010, 200 kV) and high-resolution TEM 
(HRTEM, JEM-2100F, 200 kV). X-ray photoelectron spectroscopy (XPS, 
AXIS-HSi, Kratos Analytical) analysis was conducted using a monochromatized 
Al Kα exciting radiation (hν = 1286.71 eV) with a constant analyzer-pass-energy 
of 40.0 eV. All binding energies (BEs) were referenced to C 1s peak (BE set at 
284.5 eV) arising from CC bonds. Besides, the colloids in the Au case were 
characterized by UV-Vis spectrometry (UV-2450, Shimadzu) and laser light 
scattering (LLS) analysis using a particle size analyzer (Brookhaven 90Plus). The 
as-obtained PdS NC assemblages, after being washed with deionized water twice, 
were subjected to TGA analysis in nitrogen atmosphere (DTG-60AH, Shimadzu) 
with a gas flow rate of 50 ml/min and heating rate of 10oC/min. Metallic Pd 
samples prepared by reducing the PdS NC assemblages with NaBH4 was also 
analyzed by TGA under the same conditions.  
3.2.3 Silica coating of the assemblages   
 In a typical process, 3.0 mL of the as-prepared colloid solution was centrifuged 
at 6000 rpm for 10 min and re-dispersed in 3.0 mL of deionized water, followed 
by addition of 0 to 160 μL of 0.10 M CTAB solution. Then 10 μL of TEOS 
ethanol solution (volume ratio of TEOS to ethanol was at 1:1) was added and 
stirred for 2 min. Afterwards, 10 μL of concentrated ammonia solution was added. 
After stirred vigorously for 12 h, the mixture solution was centrifuged at 6000 
rpm for 10 min, and the precipitate was re-dispersed in ethanol, which was then 
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centrifuged at 4000 rpm for 10 min. The precipitate obtained was termed as 
silica-coated assemblages in Subsection 3.4.  
3.2.4 Preliminary investigation of catalytic performance of NCs   
 As an example to show the high catalytic activity of the as-prepared NCs 
assemblages, the assemblages from the Pd case were used directly as catalyst for 
reduction of 4-nitrophenol (4-NP) by NaBH4. In a typical process, 8.0 mL of 2.31 
mM 4-NP aqueous solution was added into 50.0 mL of deionized water, followed 
by addition of 10.0 mL of freshly prepared 0.325 M NaBH4 aqueous solution; 
afterward, into the mixture, 5.0 mL of as-prepared PdS NCs colloid, after being 
washed and redispersed in 5.0 ml deionized water, was added and magnetically 
stirred. To monitor the progress of the reaction, every 3 mL of the reaction 
solution was withdrawn using a syringe, which was then passed through a filter 
with pore size of 0.22 μm and then subjected to UV-Vis spectroscopic analysis. 
The reaction was carried out at room temperature (23oC).  
   To test the catalytic stability of the Pd NCs assemblages, 1.0 mL of 2.31 mM 
4-NP aqueous solution was mixed with 10.0 mL of freshly prepared 0.325 M 
NaBH4 solution, followed by addition of 5.0 mL of as-prepared colloidal PdS 
NCs. When the deep yellow color of the reaction solution fade away, the mixture 
was centrifuged at 12000 rpm for 5 min; then the black catalyst precipitate was 
redispersed in the mixture of 5.0 mL of deionized water and 100 μL of 0.10 M 
CTAB. Afterward, the above reduction reaction was repeated using thus-recycled 
catalyst. The same catalyst was recycled for eight times. The time starting from 
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the addition of catalyst to the disappearance of the yellow color of the solution 
was recorded as the minimum time of reaction (tm).  
3.3  Results and discussion 
3.3.1 Formation and assembly of Au NCs 
  As depicted in Scheme 3.1, addition of solution B into solution A was 
accompanied with immediate color changes. The resultant Au NCs actually 
arranged themselves into different nano- or mesoscale assemblages depending on 
CTAB concentration, as shown in Figure 3.1. With a high molar ratio of CTAB to 
HAuCl4, e.g., rc = 10:1, the shape of assemblage is not very well-defined. 
Quasi-spherical aggregates and freestanding NCs are both present (Figure 3.1a). 
Reducing the molar ratio of CTAB to HAuCl4 to 1:1, the product has a 
well-defined rod-shape with a length varying from several tens to a few hundred 
nanometers (Figure 3.1b). These one-dimensionally assembled Au NCs are fairly 
stable under an electron beam. Our LLS analysis also reveals that the average 
equivalent hydrodynamic diameter of the assembled Au NCs is around 154 nm 
(Figure S3.1). Different from single-crystalline Au nanorods,[41] the “nanorods” 
reported herein comprising numerous NCs with a size below 3 nm (Figure 3.1c,d). 
Consistent with the TEM result, average hydrodynamic diameter of Au NCs is 
around 3.6 nm (Figure S3.1). Most of the NCs exist discretely, though oriented 
attachment among them might be observed occasionally. The size of the NCs 
could also be adjusted by changing Tu concentration. For example, an average 
size of NCs was 3.2 nm using 40 μL of Tu (Figure 3.1c) whereas it decreased to 
2.8 nm with 200 μL of this chemical (Figure 3.1d). Our HRTEM analysis gives 
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two interplanar distances, 0.21 and 0.24 nm, which are assigned to d111 and d200 of 
Au respectively (Figure 3.1e and Figure S3.2). XPS spectrum (Figure 3.1f) of this 
sample exhibits a major BE peak of Au 4f7/2 at 83.6 eV which corresponds to 
typical metallic Au0 species.[42] The combined investigation of HRTEM/XPS thus 
confirms the formation of metallic Au NCs. In addition, optical properties of Au 
NCs with a size below 3 nm are distinctly different from their larger 
counterparts.[12, 14, 43] In contrast to colorful colloidal suspension of larger Au 
nanocrystals, the color of our Au NC solution is milky opalescent; no 
characteristic SPR absorption band can be found in the range of 500 to 800 nm of 
its UV-Vis spectrum in Figure 3.1g. And as shown in Figure 3.1h, excitation of 
the Au NC colloid at 258 nm generates two emission bands, a strong one at 328 
nm and a weak one at 628 nm, demonstrating the quantum confinement effect of 
those NCs.   
   Moreover, in Figure 3.2a,b, the TEM image contrast along the edge of each 
as-prepared “rod” is almost identical to or even lighter than the central area. It 
indicates that, in solution phase, these “rods” did not hold an interior cavity; 
otherwise the edges of a tubular structure would have had a darker image contrast 
than the central area. We found that such structures are only metastable and their 
shape is evolvable with post treatment. In Figure 3.2c,d, for example, addition of 
CTAB into the as-prepared Au NC assemblages leads to decrement in aspect ratio 
of these “particulate rods”. More importantly, the image contrast of the 
assemblage edges increased gradually with increasing CTAB in the post treatment 




Figure 3.1. TEM images of (a) Au NC assemblages prepared with a molar ratio 
of CTAB to HAuCl4 (rc) at 10:1, (b,c) nanorod-shaped Au NC assemblages 
prepared with the rc at 1:1 using 40 μL of Tu and (d) 200 μL of Tu, (e) HRTEM 
image of as-prepared Au NCs. (f) Au 4f XPS spectrum of as-prepared Au NCs; 
the black dots are the experimental data, the green and pink lines are the 
deconvoluted peaks, and the red line is the sum of the fitted data, similarly for the 
XPS data hereinafter. (g) UV-Vis spectrum and photograph (insert) of the 
colloidal suspension of Au NCs, and (h) emission spectrum of the colloidal 






Figure 3.2. TEM images of (a,b) the as-prepared nanorod-like assemblages of Au 
NCs, and (c,d) formation of enclosed hollow vesicles of Au NCs after addition of 
200 μL of 0.1 M CTAB into 3.0 mL of the as-prepared colloid of Au NCs; and (e) 
schematic diagram of structural transformation of nanorod-like assemblages of 
Au NCs to enclosed hollow vesicles of Au NCs with addition of CTAB. The 
cross-sectional views depict the arrangements of Au NCs and surfactant 
molecules inside the assemblages. Note that the depicted objects in (e) are not 
proportional to real dimensions (similarly for other schematic diagrams 
hereinafter).   
 
hollow vesicle assemblages of Au NCs. Based on this TEM result, Figure 3.2e 
illustrates that the Au NCs in the hollow assemblages are located in the wall 
region. Such vesicles are flexible yet integral. They could adjust themselves into a 





assemblages could be determined from their “edges”, which is around 15 to 18 
nm (Figure 3.2d). 
     As illustrated in Figure 3.2e, the “nanorods” are filled with randomly 
distributed Au NCs which would interact with each other through van der Waals 
attractive force arising from their entangled hydrocarbon chains of CTA+ whose 
head group attaching to the Au NCs. Since the shape of the “nanorods” is 
well-defined, it is expected that the Au NCs are confined within a large micelle 
with CTA+ head groups pointing to the water phase and the hydrophobic tails 
interact with the hydrocarbon chains of CTA+ on Au NCs (Figure 3.2e). Thus, the 
content within the micelles is considered as an “oil” phase. Further addition of 
CTAB improved dispersion of “oil” phase in water, since surfactants in general 
promote the dispersion of one phase in another immiscible phase by adsorbing at 
their interface and decreasing surface tension. Meanwhile, the newly added 
CTAB would disturb the various force balances initially established within the 
“oil” phase as well as in “oil”-water interface. The observed restructure and 
expansion in the hollow assemblages are a natural response to reestablish new 
balances among different forces. Manipulation of such dynamic Au NC 
assemblages as artificial micelles through other post treatments to further craft the 
Au-based nanostructures is also possible. 
   The formation and assembly of Au NCs are also determined sensitively by the 
pH value of solution. On the one hand, when no NaOH was added to solution A, 
chain-like networks comprised of Au NCs at a size around 5 nm were obtained 
(Figure S3.4). On the other hand, addition of inorganic acids such as HNO3 into 
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the as-formed colloidal Au NCs would lead to NC aggregation and formation of 
much larger Au nanocrystals within the above hollow assemblages (Figure S3.4). 
 
3.3.2 Formation and assembly of Pt NCs    
    For the case of precursor salt K2PtCl4, both stirred and unstirred reaction 
environments cause a significant difference in Pt NC assemblages in addition to 
the molar ratio of CTAB to the metal precursor. In Figure 3.3a,b, irregular 
vesicles with well-defined boundaries were formed when the mixture of solutions 
A and B was kept inside the oven and a relatively large amount of CTAB was 
used (e.g., the molar ratio of CTAB to K2PtCl4 larger than 1:1). Such vesicles are 
pretty large in size, and their spatial dimension can be more than 1000 nm. At 
60oC, a longer reaction time is required in order to complete the reaction. At 80oC, 
the reaction time can be shorten, but product vesicles are found to rupture into 
irregular fragments easily, as shown in Figure 3.3a,c and Figure S3.5. In general, 
low reaction temperature and high CTAB concentration produce stable vesicles of 
this type. Figure 3.3b,d demonstrates that high structural integrity can be 
maintained when these vesicles reside on a TEM sample grid. Wall overlapping at 
the vicinity of boundary can also be identified (Figure 3.3c). It verifies that the 
structures observed were hollow vesicles in solution. The wall thickness of the 
vesicles was registered in the boundaries (Figure 3.3a-d and see Figure 3.5e later), 
which are around 3035 nm. At a relatively high magnification, one can observe 
that the Pt NCs (their size at 2.6 nm) actually arranged themselves into lines 
56 
 
(Figure S3.5), giving rise to inter-particulate spaces perpendicular to the surfaces 
of vesicles (Figure 3.3d,e, Figure S3.6 & Figure 3.5e). Nevertheless, most of Pt  
 
Figure 3.3. TEM images of dried giant vesicles formed from self-assembly of Pt 
NCs synthesized (rc = 1:1) at (a) 80oC and (b) 60oC, (c) a ruptured vesicle with 
overlapping of two layers around the boundary, (d) the porous continuous wall of 
an intact vesicle structures, and (e) the Pt NCs in the wall region of vesicle 
(HRTEM image); and (f) the Pt 4f XPS spectrum of the giant vesicles of Pt NCs.  





Figure 3.4. TEM and HRTEM images of dandelion-like assemblages of Pt NCs 
synthesized with different amounts of CTAB: (a,c,e) 100 μL, with rc at 1:1 and 
(b,d,f) 50 μL, with rc at 0.5:1. Note that the reaction solution was stirred 
throughout the course of synthesis in (a,c,e), and the reaction temperature was set 
at 80oC. 
 
NCs are still present discretely, though oriented attachment did occur occasionally 
among neighboring NCs (Figure 3.3e & Figure S3.6). The hollow assemblages of 
Pt NCs could be considered bicontinuous in both water phase and “oil” phase.[19] 
Our HRTEM study reveals that typical lattice fringe of NCs is 0.23 nm (i.e., d111 
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of Pt). Consistent with this, our XPS analysis gives a major BE peak of Pt 4f7/2 at 
71.2 eV, which belongs to the metallic Pt0 (Figure 3.3f).[44] 
    Instead of forming hollow structures, in Figure 3.4a,c,e, porous 
dandelion-like assemblages of Pt NCs with diameter below 80 nm and some 
threadlike aggregates of Pt NCs (Figure S3.7) were generated under the same 
reaction conditions of Figure 3.3 but with additional stirring throughout the whole 
reaction process. When the CTAB content was decreased (e.g., to 50 μL), much 
larger spherical assemblages of Pt NCs were formed (Figure 3.4b,d,f). As shown 
in Figure 3.4d,f and Figure S3.7, the spherical assemblages are also porous in 
nature. The inter-particulate spaces are resulted along the surface normal, similar 
to those in the walls of vesicles in Figure 3.3 (Figure 3.5e). Figures 3 and 4 
together indicate strong assembling dependency on the reaction conditions and 
low stability of the giant vesicles. When 100 μL of CTAB (rc = 1:1) was used and 
the mixture solution was kept unstirred in an oven of 80oC for a period of 18 h, 
reported in Figure 3.5a, the dandelion-like assemblages and erupted giant vesicles 
of Pt NCs coexist in the same sample. The “dandelions” were actually formed 
from the parental giant vesicles, as described in Figure 3.5e. Figure 3.5c clearly 
shows the end stage of such a structural reform where small “dandelions” are 
born from disappearing parental vesicles. Interestingly, this process is analogical 




Figure 3.5. Evolution of dandelion-like Pt NC assemblages from a giant vesicle 
through a budding process (TEM images): (a) coexistence of vesicles with 
“dandelions”, (b) a vesicle which starts to rupture and generate “dandelions” 
(where red circles indicate forming intramembrane domains/buds), (c) a 
disappearing parental vesicle from which many “dandelions” were produced, and 
(d) the as-formed “dandelions” interconnected with each other through a neck; 
and (e) schematic diagram of the above budding process. The bottom illustrations 
correspond to cross-sectional views of the shell of hollow vesicle and the compact 




the requisite for a budding process to take place is that the membrane matrix 
should be in a fluid state.[45] In our present case, the walls of giant vesicles are 
composed of numerous NCs, which are dynamical in nature and fulfill this 
requirement. Second, formation and growth of a so-called intramembrane domain 
is necessary to initialize a budding process.[47] During the growth, the edge energy 
of a domain is proportional to its length. Therefore, the domains tend to attain a 
circular shape to achieve minimum edge energy.[47] The NCs within the 
membrane may undergo coalescence due to van der Waals attractive force. In 
Figure 3.5b, though they are not particularly well defined, circular morphology 
can also be identified; presumably they are the “forming buds”. Third, the 
resulting buds are normally connected with their parental vesicles with a thin 
neck.[45, 46] In Figure 3.5c,d, the as-produced spherical aggregates are indeed 
connected with each other by such “necks”. The stirring added in synthesis could 
initialize this budding process by rupturing the vesicles and help the maturing 
buds to pinch off (Figure 3.4a,c,e). However, formation of intramembrane 
domains is disfavored at a higher CTAB content due to higher electrostatic 
repulsive forces among NCs or at a lower temperature due to slower diffusion rate 
of NCs, which can explain why the giant vesicles (Figure 3.3b) are relatively 
stable at higher CTAB concentration or at lower reaction temperature. 
 
3.3.3 Formation and assembly of PdS/Pd NCs  
   When PdCl2 was used as a precursor salt at a relatively low CTAB 
concentration, rhombic and hexagonal “platelets” were produced as displayed in 
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Figure 3.6a,b. The boundaries of the platelets are well defined; their edges have 
an adjacent angle of either 60o or 120o. The rhombic and hexagonal platelets are 
porous which consist of numerous NCs (Figure 3.6c,d). The NCs seem to 
assemble themselves in a disordered manner. Similar to the Au case, the dosage of 
Tu in synthesis dictates the size of NCs. The average sizes of NCs were 2.8 nm 
(Figure 3.6c) and 3.4 nm (Figure 3.6d) when 120 μL and 40 μL of Tu were used 
respectively. In addition, there are some platelets with shapes resembling 
rectangles in the sample (Figure S3.8). Different from those in rhombic and 
hexagonal platelets, the NCs in the rectangular platelets are highly ordered along 
the longitudinal axis (Figure S3.8). Moreover, shown in Figure 3.6a-d, the 
surfaces of platelet are rough; the local contrast varies notably indicating variation 
in distribution of NCs. Our XPS analysis reveals a major BE peak of Pd 3d5/2 at 
336.3 eV (Figure 3.6f), slightly higher than the typical BE of Pd0 3d5/2 which is at 
the range of 335.0336.0 eV but much lower than the typical BE of Pd2+ that 
should be at around 337.5 eV.[48] The peak is thus assigned to Pd2+ of PdS,[49] 
rather than Pd0. Consistent with the XPS result, two lattice fringes, i.e., 0.23 and 
0.22 nm are assigned to interplanar distances d220 and d212 of PdS (HRTEM image, 
Figure 3.6e). Interestingly, these PdS NCs can be converted to metallic Pd NCs by 
reducing agents (e.g., N2H4), and the original shapes of the platelets can still be 
preserved, as shown in Figure 3.6g,h. 
    Attempt to explain the formation mechanism of such polygonal platelets is 
challenging. However, we note that porous liquid crystals of hydrocarbon 
amphiphiles with well-defined shapes such as cubosomes and even hexasomes 
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have been reported.[50, 51] Macrostructures of these liquid crystals are 
homogeneous and have highly ordered channels which are believed to be formed 
from cubic- or hexagonal packing of the amphiphilic molecules,[50, 51] which are 
quite different from our hexagonal or rhombic platelets. In Figures 3.63.7, the 
hexagonal or rhombic platelets are likely formed from coalescence or fusion of 
smaller vesicles, as depicted in Figure 3.7e. First, at a high CTAB concentration, 
we find that either vesicles or hexagonal assemblages were produced depending 
on whether the reaction solution was stirred or not. Specifically, when the reaction 
mixture was stirred and 200 μL of CTAB was used, round vesicles with diameters 
ranging within 50 and 200 nm were observed, as shown in Figure 3.7a. These 
vesicles are also composed of NCs, which occasionally are arranged in an ordered 
or semi-ordered manner (Figure 3.7e). Different from the giant vesicles observed 
in the Pt case, the vesicles observed here are much smaller in size and have much 
thinner walls, and almost all of them are ruptured. Surprisingly, when the same 
reaction mixture was kept unstirring over the course of synthesis, hexagonal 
platelets were the main product morphology (Figure 3.7b). The side length of the 
hexagonal platelet varies from 200 to 500 nm. Similar to the rhombic platelets, 
the hexagonal platelets also have rough surface and uneven local contrast in their 
body phase (Figure 3.7c). It seems that at this CTAB concentration (e.g., 200 μL, 
rc = 2:1), magnetic stirring ruptured the vesicles and prevented them from 
coalescing or fusing into a hexagonal platelet. When the CTAB concentration was 
low (e.g., 100 μL), the vesicles would be more compact and the repulsive 
electrostatic force among vesicles was lower, so they could still manage to 
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coalesce, even though the reaction solution was stirred. Second, this explanation 
is validated by the fact that the as-formed platelets have unevenly distributed NCs, 
because the areas where the vesicles merged would have higher populations of 
NCs than their interior voids. In Figure 3.7c,d, these rhombic/hexagonal platelets 
show plenty vacant spaces, which likely correspond to merging cavities from 
vesicle units upon drying.  
   The balance between van der Waals attractive force and repulsive electrostatic 
force plays an important role in regulating the coalescence of vesicles. In 
principle, identical to mergence in soap bubbles (which represent another type of 
vesicles),[52] the surface area minimization is a thermodynamic driving force for 
the coalescence or fusion of several small vesicles into a larger one. Moreover, as 
shown in Figure 3.7e, the rhombic or hexagonal platelets produced are observed 
with two adjacent angles of 120o and 60o. According to the classical Plateau's 
law,[52, 53] which has also been mathematically verified, when three bubbles of 
similar size coalesce, the coplanar angles at which they incline are always equal 
to each other, which is exactly 120o (Figure 3.7e); coalescence through any other 
ways is unstable and will undergo structural reforming. Naturally, such a 
requirement on the assembly geometry of spherical building blocks would lead to 
formation of hexagonally packed vesicles. Besides, formation of hexagonal shape 
is also thermodynamically favorable. A hexagon is known to enclose maximum 
space with minimum perimeter; it is efficient in minimizing the surface energy of 
a system. During the soap bubble coalescence process, the bubble film will shrink 
and air trapped inside the bubble will find way to expand.[52] Each vesicles 
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located inside the body phase of the platelet will interact with its neighboring 
vesicles through infusion of walls, leading to change in size and shape of voids as 
well as variation in wall curvature.  
    Simple calculation also reveals that the specific surface area of polygonal 
platelets, given identical thickness and volumes, decreases with increasing 
numbers of edges, and the strain tension at the three vertices of an equilateral 
triangle platelet is relatively high. This perhaps could explain why triangular 
platelets were only observed occasionally in our syntheses. In Figure 3.6a, 
furthermore, the hexagonal platelets are generally larger than the rhombic ones. In 
this regard, growth or combination of triangular platelets to rhombic platelets and 
finally to hexagonal platelets is thermodynamically favorable, which indeed 
governs the structural evolution of assemblages of PdS NCs and Pd NCs (Figure 





Figure 3.6. TEM images of PdS NC platelets synthesized using 100 μL of CTAB 
(rc = 1:1) and (a,b,c) 120 μL and (d) 40 μL of Tu respectively, (e) HRTEM image 
of the PdS NCs in (d), (f) Pd 3d XPS spectrum of PdS NCs, and (g,h) TEM 
images of rhombic Pd NC assembalges formed from reducing 2.0 mL of the 





Figure 3.7. TEM images of (a) ruptured PdS NC vesicles formed with a stirred 
reaction, (b,c) hexagonal platelet-like PdS NC assemblages formed without 
stirring; note that 200 μL of CTAB (rc = 2:1) was used in the syntheses of (a,b,c), 
(d) perforated rhombic platelet-like PdS NC assemblages with compartmented 
vacant spaces formed upon drying; and (e) schematic diagram of coalescence of 
individual vesicles into triangular, rhombic and hexagonal platelets. The 










   From the above results, we can see that the morphology of a mesoscale 
assemblage depends on the nature of metal salts and CTAB concentration 
employed in synthesis. In general, at the constant concentration of a metal 
precursor, increase in CTAB concentration leads to decrement in overall density 
of assemblages. For example, solid porous spherical “dandelions” were formed 
with CTAB = 50 μL (Figure 3.4b) whereas giant vesicles were formed with 
CTAB = 100 μL (Figure 3.3a) in the case of Pt (see Scheme 3.2d later). Similar 
trend was also observed in the cases of Au (Scheme 3.2b) and Pd (Scheme 3.2c). 
Regarding different metal precursors, the gap among neighboring NCs in the Au 
NC assemblages (Figure 3.1e) is much larger than that in the cases of Pt (Figure 
3.3e) and PdS (Figure 3.6e) under the same magnification of TEM image. That is, 
the local NC number density of assemblages in the Au case is much lower than 
those in the cases of Pt and Pd, which will be explained later.  
3.3.4 Capture of the as-formed assemblages    
     To further confirm that the above NC assemblages were formed in the 
solution rather than on the TEM copper grid, typical assemblages from the cases 
of Au and Pd were coated with silica. As exemplified in Figure 3.8, a thin layer 
(with a lighter contrast) of silica was observed at the boundary of each nanotube 
or rhombic platelet, indicating in-situ silica formation and thus successful capture 
of the assembled structures. The thickness of silica coating could be adjusted with 
concentration of TEOS. The morphologies of the overall assemblages and 
individual NCs were well preserved in this coating process. After silica coating, 
the NC assemblages could be well redispersed and exist stably in ethanol solvent. 
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These results directly prove that the assemblages reported in the previous 
subsections were indeed preformed in the bulk solution rather than on the copper 
grid substrate during our TEM sample preparation (i.e., drying processes).  
 
Figure 3.8. TEM images of (a,b) silica-coated Au NC assemblages, and (c,d) 
silica-coated rhombic PdS NC assemblages.  
 
3.3.5 Counterion induced self-assembly of micelles cum 
templated-assembly of NCs  
      The CTAB solution itself is a colorless transparent liquid as shown in the 
photograph (a-0) of Figure 3.9. Upon the addition of transparent metal 
ion-chloride complexes aqueous solutions, their mixture would turn highly turbid 
gradually (a-1, a-2, and a-3). The three mixtures were sampled directly for TEM 
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examination to understand the interaction of CTAB with these noble metal 
precursors. As expected, the metal precursor-CTAB complexes were not stable 
under an electron beam. Quite surprisingly, however, they gave similar geometric 
shapes as their corresponding end products. In Figure 3.9b, well-defined 
nanorod-shaped structures were observed in the case of Au, though they were 
deshaped rapidly under an electron beam as marked by the red arrows. 
Two-dimensional lamellar structures with well-defined boundaries, which are 
quite similar to the giant vesicles (Figure 3a-d), were observed in the case of Pt 
and they shrunk severely under the electron beam (Figure 3.9c). As for the case of 
Pd, triangular, rhombic, hexagonal-platelets were also observed (Figure 3.9d). 
Considering the close similarity in the geometric shapes between the metal 
precursor-CTAB complex and their corresponding end products, we conclude that 
the metal precursor-CTAB complexes shown in Figure 3.9 served as 
soft-templates to shape the self-assembly structures of NCs. In other words, these 
metal-including micellar templates were actually present prior to the NC 
formation.  
     The above soft templates clearly associate with the interaction of CTAB 
micelles with the metal precursors. Investigations on micelle formations and 
micelle interaction are extensive and they are of both theoretical [33, 54-56] and 
practical interests.[37, 57, 58] Critical micelle concentration (CMC) of CTAB is at 
around 0.9 mM, which is also about the concentration of CTAB used in our 
solution A. Typical CTAB micelles are spherical in shape and their hydrodynamic 
radius is 2.5 nm, and are balanced by electrostatic and steric repulsive forces from 
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hydrophilic head interactions and hydrophobic attractive force from hydrocarbon 
tail interactions, as depicted in Scheme 3.2a. Giant micelles such as threadlike 
worms and large vesicles with a size above several hundred of nanometers might 
form due to aggregation of micelles.[59, 60] The packing parameter P, P = v/al 
where the tail length is l, the head group area a and the volume v of molecule, is 
used to predict shapes of a micelle.[30] In general, cases of P<1/3 give spherical 
micelles, 1/3<P<1/2 cylindrical and ellipsoidal ones, and P>1/2 bilayers or 
formation of vesicles.[30] Although the noble metal ions are at their oxidative 
states, their halide complexes, namely AuCl4, PtCl42 and PdCl42, are negatively 
charged and they are counterions of CTA+.  
   In principle, when the metal precursors are added into CTAB solution, two 
processes could occur spontaneously: (i) exchange of Br (from CTAB) with Cl 
in the above metal chloride complexes, which gives rise to MX4n (where M = 
Au3+, Pt2+ or Pd2+, X = Br or Cl, n = 1 or 2) since Br has a higher binding 
affinity toward the metal ions than Cl; and (ii) exchange of MX4n with Br as 
counterions of CTA+ because the metal halide complexes have a higher binding 
affinity than halide anions toward the head group of this surfactant.[61] Changes of 
counterions could affect the CMC, morphology, size and reactivity of the micelles 
significantly.[60] Binding of MX4n to CTA+ head groups screens Coulombic 
repulsive force among the positive head groups more efficiently than that of Br 
does. As a result, the head group area a decreases and the packing parameter P 
increases accordingly. With the above two processes, small micelles could 





Figure 3.9. Photograph and TEM images of transparent solution of CTAB 
surfactant (a-0), colloidal suspension of CTAB and HAuCl4 (a-1,b), colloidal 
suspension of CTAB and K2PtCl4 (a-2,c), and colloidal suspension of CTAB and 
PdCl2 (a-3,d) with rc  at 1:1. The red arrows indicate fast deshaping of metal 
precursor-CTAB complexes under the exposure of an electron beam.   
 
threadlike worms at different spatial dimensions are common morphologies after 
such evolutions. Therefore, binding of MX4n to CTA+ head groups provides the 
driving force at a molecular level for the formation of giant geometric structures 
observed at a mesoscale level. On this basis, we could explain why the solution 
became turbid when the metal precursors were added to CTAB micelle solution 
(Figure 3.9a). To verify this, we have also tested the effect of reversed addition 
order of reactants: CTAB was first mixed with Tu alkaline solution, and then 
HAuCl4 was added into the mixture. Not surprisingly, quasi-spherical aggregates 
of Au NCs with average diameter around 30 nm were produced (Figure S3.10), 
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instead of rod-shaped structures (Figure 3.9b). This experiment confirms the 
important role of MX4n-CTA+ complexes as templates to guide the formation of 
different NC assemblages.     
   Nevertheless, how the micelles interact with each other and reconstruct into a 
hierarchical structure under certain driving force has long been a challenging 
issue.[37],50,[33] Herein we propose that, the negatively charged metal halide 
complex (MX4n) serves as “electronic adhesive”, connecting both the positively 
charged CTA+ at a molecular scale and the micelles at a mesoscopic scale. The 
1D assemblage of Au NCs is relatively simple (Figure 3.1). Based on Figure 3.9a, 
we believe that the giant micelle in the case of Au is interfaced with a 
CTA+-AuX4 bilayer (Scheme 3.2b), together with small spherical micelles of the 
CTA+-AuX4 complex inside this rod-shaped micelle. Different from a simple 
CTAB micelle (Scheme 3.2a), the AuX4-CTA+ complex in Scheme 3.2b is 
stabilized mainly by the overall balance of three types of forces: (i) hydrophobic 
attractive force between hydrocarbon chains, (ii) Coulombic repulsive force 
among the same kind of ions, and (iii) Coulombic attractive force between CTA+ 
and MX4n. Particularly, the exposure of the hydrocarbon chains to water is 
thermodynamically forbidden. Therefore, a bilayer structure with its hydrophobic 
chains tangling with each other inside the layers and hydrophilic head facing the 
water could be expected (Scheme 3.2b). In order to maintain overall charge 
balance, it is expected that CTA+ and AuX4 in the assemblages would distribute 
in an alternative fashion (Scheme 3.2b), or charge delocalization, resulting in 
“polymeric” assemblage of [CACACACA], where C denotes the cation CTA+ 
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and A the anion AuX4. In the synthesis with a high CTAB concentration, simple 
spherical vesicles with a CTA+-AuX4 bilayer would be expected (Scheme 3.2b), 
based on the product morphology of Figure 3.1a.  
    The structures in the cases of Pt and Pd have a higher level of hierarchy. As 
previously discussed, cylindrical inter-particulate spaces were observed in the 
walls of the vesicles (Figure 3.3d) and in the large dandelion-shaped spheres 
(Figure 3.4f) in the case of Pt. In the case of Pd, the rhombic or hexagonal 
platelets were formed from coalescence of small vesicles. Therefore, two or three 
levels of hierarchy can be identified. The first level is the formation of 
“cylindrical micelles” in the case of Pt or small vesicles in the case of Pd, from 
the primary building blocks, i.e., the MX4n-CTA+ complex. The cylindrical 
structure of PtX42-CTA+ is described in Scheme 3.2d, with hydrocarbon chains 
of CTA+ towards the axis of micelle. In the Pd case, we assume the small vesicles 
could have one or more than one bilayer of PdX42-CTA+, as suggested in Scheme 
3.2c. Identical to the case of Au, anions of PtX42 or PdX42 may shield the 
electronic repulsive force among the CTA+ and serve as the “electronic adhesive” 
to organize such supramolecular assemblies. 
    The above cylindrical micelles or small vesicles serve as the secondary 
building blocks to attain the mesoscopic assemblages through controlling 
micelle-micelle interaction. Note that the PtX42 and PdX42 anions could 
neutralize the surface charges of cylindrical micelles or small vesicles and reduce 
electrostatic repulsive force among the micelles. Also, as shown in Scheme 3.2d, 
the bivalent anions could serve as a bridge connecting any neighboring cylindrical 
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micelles through Coulombic attractive force. In addition, van der Waals attraction 
force among these secondary building blocks also contributes to organization of 
cylindrical micelles or coalescence of small vesicles. Besides, increasing binding 
strength with increasing counterion valence is widely observed for the 
self-assembly of amphiphiles; it is also supported by the Debye-Hückle equation 
that ions with a higher valency are more effective in screening charges and 
therefore they are better promoters for self-assembly and gel formation.[62] 
Consistently, as AuX4 is a monovalent anion whereas PtX42 and PdX42 are 
bivalent ones, the latter two could screen the repulsive electrostatic force more 
efficiently and serve as a tighter “electronic adhesive” to connect the micelles. 
This could explain why the assemblages in the latter two cases generally have 




Scheme 3.2. Soft template structures obtained in this work: (a) primary micelle of 
CTAB, (b) tubular vesicle and spherical vesicle formed from AuX4-CTA+ 
complex, (c) various platelet assemblages formed from PdX42-CTA+ complex 
with increasing CTAB concentration, and (d) dandelion-like assemblage and 
hollow vesicle formed from PtX42-CTA+ complex with increasing CTAB 
concentration. Illustrations framed with yellow dashed lines are enlarged parts of 
their corresponding structures in the left.   
 
3.3.6 Role of Tu in on-site formation of NCs on micelles    
When we replaced CTAB with 100 μL of 1 wt% PVP solution and kept other 













when Tu was replaced with other reducing agents such as N2H4, only NPs as large 
as 30 nm were formed, and there was no organization among the NPs (Figure 
S3.12). The two comparative studies all point to the unique role of Tu in the 
formation of NCs. Tu has been widely used in industry;[63-66] the C=S bond in Tu 
could be oxidized by a wide variety of oxidants.[67, 68] However, to the best of our 
knowledge, Tu has been rarely used as a reducing agent for synthesis of noble 
metal NPs. Interaction of metal precursors with Tu could form either metallic 
NCs or metal sulfides, depending on the thermodynamic competition between 
redox reaction and sulfidation reaction. In particular, metallic NCs of Au and Pt 
are obtained as their standard oxidizing potentials are much higher (1.520 V for 
Au(III)/Au(0) and 1.188 V for Pt(II)/Pt(0)), but PdS NCs are formed because of a 
relatively low standard oxidizing potential of Pd(II)/Pd(0) (0.915 V). It has been 
repeatedly reported that sulfide anions could arrest the growth of gold nanorods 
by adsorbing on their surface as a stabilizing agent,[41] and the presence of sulfide 
anions promotes reduction of gold ions whereas impeding the crystal growth.[69] 
Our XPS analysis and elemental mapping (Figures S13 and S14) further reveal 
the homogeneous existence of S species in the as-formed assemblages in addition 
to the cationic surfactants. Therefore, it is highly plausible that the successful 
formation and stabilization of the small NCs are due to protection of sulfur and 
surfactant capping. In a control experiment (Figure S3.15), Tu was replaced with 
an equivalent dosage of Na2S, and assemblages of respective NCs were also 
obtained, which again supported the capping role of S2. However, the resultant 
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NCs using Na2S are larger, indicating that Tu can serve better as a reducing / 
capping agent for synthesis of small NCs. 
   To understand the interaction among the reactants, intermediates formed upon 
mixing of solutions A and B were separated immediately. In Figure 3.10, such 
intermediates bear very similar structural features to their final NC assemblages. 
Furthermore, intermediates obtained in the cases of Au and Pd are as stable as 
their final NC assemblages under an electron beam. 
    When the solution of HAuCl4 and CTAB (i.e., solution B) was added into 
alkaline Tu (i.e., solution A), the reaction system became yellowish brown 
instantly, which is a typical color of colloidal Au2S (Figure S3.16).[69] The XPS 
analysis of this intermediate is reported in Figure 3.10g. A major BE peak of Au 
4f7/2 is observed at 83.9 eV, which is around 0.3 eV higher than that of Au(0) 
species detected in the end product. The bond of Au2S has mixed ionic and 
covalent properties, and BE of Au species in Au2S is at 83.9 or 84.0 eV for Au 
4f7/2, which is almost the same as Au(0) species.[69-71] Our UV-Vis spectrum of the 
mixture of A and B solutions (Figure S3.16) is identical to that of Au2S NPs.[69-71] 
The intensity over 300500 nm decreases monotonically (Figure S3.16) and the 
yellowish brown color faded away gradually with increasing reaction time. 
Finally, the color of mixture became lightly opalescent and the UV-Vis spectrum 
of the product has a much lower intensity within the UV range (Figure S3.16). 
The color change, XPS analysis and UV-Vis spectral evolution altogether confirm 
the instant generation of Au2S upon mixing AuX4-CTAB with alkaline Tu. The 
XPS spectra of Pt(II) in PtS and Pd(II) in PdS also have similar characteristics as 
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that of Au2S. As shown in Figure 3.10h, the BE of Pt 4f7/2 is 72.0 eV, which is 0.8 
eV higher than that of the metallic Pt(0) in the end product, confirming the 
formation of PtS intermediate. In Figure 3.10i, however, the BE of Pd 3d is the 
same as that of the end product, that is, Pd(II) in PdS NCs, as we have discussed 
in Figure 3.6f. 
 
 
Figure 3.10. TEM images of intermediates (i.e., assemblages of metal sulfide 
NCs) formed immediately (within 1 min) upon mixing solution A and solution B 
for the cases of (a,b) Au, (c,d) Pt, and (e,f) Pd. rc is 1:1; and XPS spectra of (g) Au 
4f, (h) Pt 4f, and (i) Pd 3d of the intermediates. 




     It has also been confirmed that there is no free gold ions in the presence of 
CTAB.[41, 72] The reduction of Au(III) to Au(I) (which is a very fast reaction) and 
precipitation reaction between Au(I) and S2 would occur at the interface of 
micelle and water in an on-site manner. In principle, for any crystallization 
process, the ratio (R) of growth rate (RG) to nucleation rate (RN), R = RG/RN, 
determines the size of NCs.[73, 74] Smaller values of R, i.e., fast nucleation kinetics 
and slow crystal growth, correlate to smaller NCs and vice versa. A fast 
nucleation rate requires a high degree of supersaturation of matrix solution.[75] 
Heavy metal sulfides, due to their small Ksp, could easily achieve a strong 
supersaturation state and precipitate even at very low concentrations of solutes.[76] 
In our present work, Tu in solution A would undergo hydrolysis to release S2 
under alkaline condition according to equation (1).[77] And mixing solution A with 
solution B would lead to fast nucleation, as described in reaction (2) where MS(NC) 
or M2S(NC) denotes the resultant metal sulfide NCs. It is known that the hydrolysis 
of Tu is reversible (reaction (1), K = 2.25×1015) and the hydrolysis rate decreases 
with decreasing pH value.[77] Since solution B is acidic, Tu would experience a 
pH fall upon mixing solution A with solution B, and the hydrolysis rate would 
decrease. Different from those in simple dissociation of Na2S, the S2 ions from 
Tu hydrolysis are released in a controllable way, and the temporal S2 
concentration is relatively low when solution A is mixed with solution B, 
resulting in a slow growth rate for the as-formed nuclei of metal sulfides. Clearly, 
such a scenario would be associated with a small R value and thus formation of 
small NCs.  
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SC(NH2)2 + 2OH    S2 + H2CN2 + 2H2O    (1)  
MX4n + S2    MS(NC) or M2S(NC)    (2)  
MS(NC) or M2S(NC)    M(NC)   (3) 
     Two factors attribute to the conservation of the pristine shape of 
CTA+-MX4n template after the above reactions. The first one lies in the 
charge-neutral property of Tu, due to which the addition of Tu exerts the least 
morphological impact on the inorganic-organic template. On the contrary, product 
structures synthesized with Na2S deviate away the CTA+-MX4n template 
noticeably (Figure S3.15) because of sudden increase in S2 anions. Localized 
generation of NCs is another important factor for stabilizing final product. In 
reaction (2), CTA+ ions could be liberated from CTA+-MX4n pairs when the 
MX4n was converted to NCs. Such NCs possess highly active solid-liquid 
interface (with high Gibbs energy) which can accommodate the released CTA+ 
molecules without causing drastic structural disruption. Meanwhile, the 
hydrophobic tails of CTA+ remained engaged with each other (Figure 3.2e, Figure 
3.5e and Figure 3.7e) maintaining overall structural integrity.   
    The formation of NCs of metal sulfides (Figure 3.10) is also critical to 
ensure the small size of the final metal NCs. In the first place, for example, the 
Au2S NCs could serve as seeds to provide active sites for sulfide to metal 
conversion. Second, compared with free Au(I) ions or Au(I) chloride complex, for 
example, Au2S is more stable,[69] serving as a temporary reservoir of both 
reductant (i.e., S2) and oxidant (i.e., Au(I)). After the nucleation, concentrations 
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of free reductants (Tu and S2), and free oxidant (Au(I)), are very low, and the 
conversion of Au2S to Au NCs (i.e., equation (3)) becomes predominant. 
3.3.7. Preliminary study on catalytic performance of NCs   
    The present giant micelle-assisted synthesis and self-assembly of Au, Pt and 
Pd NCs provide an easy approach to preparation of noble metal-based 
nanocatalysts. Nevertheless, it should be mentioned that TGA analysis reveals 
(Figure S3.17) that in the original PdS platelets, total organics such as sulfur 
containing species and surfactant molecules account for ca. 52% of the total 
weight. The large amount of capping agents is necessary to form the NC 
assemblages, but they might passivate active sites of the NCs. Herein, to test the 
catalytic activity of these NCs, the Pd rhombic/hexagonal platelets were used for 
the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBH4. The 
reaction was conducted with mole ratio of 4-NP to NaBH4 to Pd as 1:176.1:0.12. 
PdS NCs was converted to Pd NCs instantly when the catalyst of colloidal PdS 
NC assemblages was added into the deep yellow mixture of 4-NP and NaBH4. 
Within 10 min, the deep yellow color was gone. After removing the catalyst Pd 
NCs, the solution was transparent and clear. Figure 3.11a shows the spectroscopic 
evolution of the reaction solution. As can be seen, the band of 4-NP centered at 
400 nm decreased rapidly with the reaction time, whereas a small band at 300 nm 
emerged, corresponding to the transformation of 4-NP into 4-AP. The absorbance 
(A) of the solution at 400 nm was plotted against the reaction time (t); the dataset 
could be fitted into A = A0 ekt according to the first order reaction rate law (Figure 
S3.18),[78] and the rate constant (k) obtained is 6.0×103 s1 at 23oC. As the NCs 
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exist in the form of assemblages, which renders the catalysts with advantage 




Figure 3.11. (a) UV-Vis spectra of the reaction solution (after removal of catalyst) 
in the reduction of 4-nitrophenol to 4-aminophenol catalyzed by Pd NC 
assemblages, (b) catalytic stability of the Pd NCs (Note: The concentration of 
NaBH4 in these experiments was much higher than that used in (a); see 
Experimental Section), where tm is the minimum reaction time required to 
complete the reduction (with the same amounts of 4-NP and NaBH4 in each run), 
and (c,d) TEM images at different magnifications for the spent Pd catalyst after 8 
reaction cycles.  
    
    The catalytic stability of the assemblages was also studied. In Figure 3.11b, 
there is no sign of losing catalytic activity after 8 repeated cycles of reaction. 
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TEM images of a spent catalyst are shown in Figure 3.11c,d. The mesoscopic 
platelet structure is well-maintained after all these reactions. Nonetheless, due to 
the hash working environment, oriented attachment occurred among neighboring 
Pd NCs, giving rise to a porous metallic framework formed by inter-connected 
nanowires with diameters at ca. 5 nm (Figure 3.11d and Figure S3.19). Such Pd 
metallic platelets could be considered as a freestanding nanocatalyst which has 
higher stability than their softer counterpart PdS NC assemblages. What is more, 
our TGA analysis reveals that the total organics within the metallic platelets 
accounts for 11.5%, which is much lower than that in the PdS NC assemblages 
(versus the organic content 52%, Figure S3.17). Clearly, different NC 
assemblages have different extents of stability depending on their compactness 
and reaction conditions. For example, the Au NC assemblages are much loose and 
they undergo aggregation (30 nm in size) in acidic pH condition. Such changeable 
NC assemblages can also be viewed as designed catalyst precursors for us to 
develop freestanding metallic nanocatalysts with structural and compositional 
controls.    
3.4 Conclusions 
     In summary, mesoscale hierarchical assemblages of aqueous soluble Au, Pt 
and Pd NCs were generated with well-defined boundaries using their respective 
halide salts and Tu as a reductant and CTAB as a surfactant. The geometric shape, 
structural hierarchy complexity and packing density of the assembled products 
vary depending on the nature of metal precursors and the CTAB concentration. 
For the Au case, one-dimensional “nanorod” assemblages were formed and they 
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could restructure into hollow vesicles with additional CTAB. For the Pt case, 
giant vesicles were first formed, and they could then evolve into dandelion-like 
spherical assemblages through the budding process at a lower CTAB 
concentration. And for the Pd case, rhombic/hexagonal structures were resulted 
from coalescence of small vesicles. Giant micelles of CTAB-metal halide 
complexes with similar geometric shapes to the final metal NC assemblages were 
found to serve as soft-templates to direct synthesis and assembly of NCs. 
Molecularly, the metal halide complex anions (MX4n, M = Au, Pt and Pd) could 
bind to CTA+ cations with a higher affinity than Br and efficiently screen the 
electrostatic repulsive force among the positively charged CTA+, which provides 
the driving force for the formation of hierarchical giant micelles. At a mesoscopic 
level, the metal halide anions work as an “electronic-adhesive” which either 
neutralize neighboring CTA+ cations within a micelle or connect adjacent 
micelles to form a larger one. The successful formation of metal NCs could be 
explained from the perspective of crystallization kinetics. The unique protection 
of sulfide species and the controlled release of S2 from Tu were important to 
suppress rapid growth of metal sulfide intermediates, thus ensuring the size 
control for final metal NCs (≤ 3 nm). Furthermore, our preliminary catalytic study 
also demonstrated that the assemblages of metal NCs have high activity and 
reusability.  
    The importance of the above results lies in the following three aspects: (i) 
Structural features originated from the self-assembly of the CTA-metal halide 
micelles are well succeeded by the metal NC assemblages, elucidating a 
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micelle-assisted approach for self-assembly of NCs or NPs into hierarchical 
structures. (ii) Stabilized geometric shapes of NC assemblages (i.e., with the silica 
capping shell) directly record the self-assembly behaviors of metal precursors and 
hydrocarbon surfactant as well as micellar interaction and chemical 
transformation. This method thus provides a convenient means for visualization 
of dynamical colloidal processes, complementary to state-of-the-art analytical 
techniques such as cryo-TEM and small angle X-ray scattering etc. (iii) 
Mesoscale organization of Au, Pt and Pd NCs offers an alternative to prepare 
water-soluble porous noble metal catalysts. Such self-assembled nanocatalysts 
with a high load (above 50%) of active component can perform effectively in 
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Chapter 4. Transition Metal Ions Induced   
Coalescence: Stitching Au Nanoclusters into 
Tubular Au-based Nanocomposites  
 
4.1 Introduction 
       Wet chemical synthesis of nanoparticles has experienced huge 
progresses, enabling precision controls over the size and morphology of 
individual nanoparticles. Among various nanomaterials, noble metal tubular 
nanostructures have received intensive attention due to their superior 
performances in many applications.[1] Up to date, synthesis of noble metal 
tubular structures often involves sacrificing hard templates such as nanorods, 
nanowires or porous membranes. This strategy could be simply described as R 
+ T  P + W, where R is the reactant (metal precursor), T is the template, P 
the desired product and W the chemical waste. In some cases, T, the template 
materials, are chemically active.[2] For instance, galvanic replacement 
reactions of Ag nanowires with various noble metal salts represent the most 
widely used method to produce noble metal nanotubes.[1, 3, 4] Besides, the 
chemically inert materials are also used only for their template effects. For 
example, alumina membranes or polycarbonate foils which have 
one-dimensional channels are employed for productions of ordered PtCu alloy 
nanotubes[5] and Au nanotubes,[6-8] etc. And there have been many reports on 
the usage of ZnO nanowires,[9] aligned cobalt nanoparticles,[10] functionalized 
fibers[11] or even surfactant liquid crystals as templates to produce tubular 
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structures of noble metals. In both cases, being either chemically active or 
inert, the template material T is consumed merely as templates which are 
needed to be removed from the system as a chemical waste, W. As such, the 
element efficiency for the template materials T is inheretnly low, and the 
post-synthesis treatment is also unavoidable.  
      In line with the progress of synthesis of nanomaterials, self-assembly 
strategy which employs nanoparticles as primary building blocks to construct 
hierarchical structures with much larger geometric dimensions (e.g., in a 
mesoscale) and complexities has also attracted enormous research 
attention.[12-17] Since thus-formed assemblages usually possess a certain extent 
of structural stability and boundary, in principle, modifications of the 
assembled nanoparticles could be further pursued. In this regard, it is also 
expected that the overall chemical reactivity of such assemblages will be more 
or less similar to their individual building blocks. Therefore, an assemblage of 
this type can also be treated as a solid precursor containing organized 
"artificial atoms" which are reactive and able to undergo further 
transformations when reactants are available. Such chemical processes would 
not only change the nature of the pristine building blocks but also revise the 
interaction among the original “artificial atoms” within an assemblage, leading 
to significant chemical and structural transformations. 
       Herein as described in Scheme 4.1, we report that, due to the hidden 
structural and compositional vulnerability, the mesoscale assemblages of Au 
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nanoclusters (AuNCs) can serve as a self-templating precursor to produce a 
series of tubular Au-based nanostructures. When the rod-shaped assemblages 
of AuNCs (which have sulfide species on their surfaces) interact with different  
 
Scheme 4.1. Reaction of transition metal ions with AuNCs: (a) an 1D AuNC 
assemblage with sulfide species on its surface; (b) transient hollow nanorod 
(HNR)-shaped assemblage of metal sulfide NCs after reacting with transition 
metal ions; (c) Au/AuxMy (M = Cu, Ag and Pd) metallic HNR; (d) metal oxide 
nanoparticles (e.g., TiO2, Cu2O and Co3O4) deposited on AuxPdy HNR; (e) 
mesoporous SiO2-coated 1D AuNC assemblage; (f) the relevant metal sulfide 
intermediate after reaction with transition metal ions; and (g) mesoporous 
SiO2-coated Au/AuxMy HNR. 
 
transition metal ions, metallic Au and AuxMy (M = Cu, Ag and Pd) alloy 
hollow nanorods (HNRs) could be generated with further reduction. 
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also be conducted after coating the AuNC assemblages with a layer of 
mesoporous SiO2. On this basis, we established a general approach to develop 
tubular Au-related nanocomposites that could be expressed as R + T  P 
(where T = AuNCs & P = AuxMy). This approach represents a synthetic 
alternative which is expected to have higher element efficiency for template 
materials than those conventional galvanic replacement reactions, because the 
process waste W has been avoided and no post-synthesis treatment is required. 
In order to show the workability of this class of alloy materials, we also 
compared catalytic properties of Au and AuxMy for methanol oxidation. 
4. 2 Experimental section 
4.2.1 Chemicals and materials   
       The following chemicals were used as received without further 
purification: sodium dodecylbenzenesulfonate (SDBS), NaBH4 (99.99%), 
hydrazine (N2H4, 30%), L-ascorbic acid (99%), KOH (99.99%), 
HAuCl43H2O (>99.99%), and PdCl2 (99.9%), TiF4, tetraethyl orthosilicate 
(TEOS, 99%) were from Sigma Aldrich; cetyltrimethylammonium bromide 
(CTAB, 99.6%), and polyvinylpyrrolidone (PVP, K30) were from Fluka; 
NaOH (99%), AgNO3 (99.8%), Cu(NO3)23H2O (99.5%), aqueous 
ammonium (32%) and ultrapure water were from Merck; thiourea (>99%),  
and perfluorosulfonic acid-PTFE copolymer (nafion; 5%w/w) were from Alfa 
Aesar; methanol (99.99%) was from Fisher Scientific; and deionized water 
was collected through the Elga MicroMeg purified water system.  
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4.2.2 Synthesis of nanorod-shaped AuNC assemblages  
     The nanorod-shaped AuNC assemblages (Scheme 4.1a) were prepared 
according to our previous work with slight modification.[15] In a typical 
procedure, 3.0 mL of thiourea (0.25 M) and 250 μL of NaOH (15.0 M) were 
mixed with 250.0 mL of deionized water and kept in an electric oven at 80oC 
(solution A). At the same time, 25.0 mL of an aqueous solution of HAuCl4 (10 
mM) and 2.5 mL of CTAB solution (0.10 M) were added into 250.0 mL of 
deionized water (solution B) and stirred at room temperature. After 0.5 h, 
solution B was added into solution A; after stirring for 2 min at ambient 
conditions, the mixture was kept static in the electric oven at 80oC for at least 
12 h to generate final products. The resultant nanorod-shaped AuNC 
assemblages were precipitated and redispersed in deionized water with half 
volume of the original solution to make a concentrated stock of AuNC 
assemblages.  
4.2.3 Synthesis of Au and AuxMy (M = Cu, Ag, Pd) HNRs 
     To prepare the metallic HNRs (Scheme 4.1c), at ambient conditions, 
into 1.0 mL of the above stock AuNC assemblages, 0.2 mL of  SDBS (0.10 
M) aqueous solution was added and stirred for 10.0 min, followed by addition 
of one of these aqueous solutions of transition metal ions, namely, 150 L of 
Cu(NO3)2 (0.10 M), or 100 L of AgNO3 (10 mM), or 80 L of PdCl2 (10 mM, 
pH = 1.0), or 40 L of HAuCl4 (10 mM). After stirred overnight, the mixture 
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was centrifuged at 6000 rpm for 15 min to get the precipitate which was 
redispersed with 1.0 mL of deionized water and 0.2 mL of 1% PVP aqueous 
solution. Afterward, 60L of N2H4 (7.5% wt) was added into the solution and 
stirred for at least 2 h. Subsequently, 10.0 mg of NaBH4, after dissolved in 
deionized water, was added into the solution. After stirring for 1 min, the 
solution was kept static for at least 1 h to give the final product. Note that all 
of the relevant characterizations shown in the main text were conducted upon 
products formed under the dosages described above. The cases where the 
dosages of transition metal ions were varied would be specified accordingly. 
  4.2.4 Synthesis of mesoporous SiO2-coated AuNC 
assemblages and related Au-based nanocomposites 
     To coat the AuNC assemblages with a mesoporous SiO2 (mSiO2) layer 
(Scheme 4.1g), 1.0 mL of CTAB aqueous solution (0.10 M) was added into 
30.0 mL of as-synthesized colloid of AuNC assemblages, followed by adding 
10.0 mL of ethanol. Into the above mixture, 100 L of ethanol solution of 
TEOS (volume ratio 1:1) was added, followed by the addition of 100 L of 
ammonium solution (6.4% wt). After stirred overnight at room temperature, 
the prepared mSiO2-coated AuNC assemblages were precipitated through 
centrifugation and redispersed in 30.0 ml of ethanol.  
    Similar to those uncoated AuNC assemblages in previous subsections, the 
mSiO2-coated AuNC assemblages could react with various transition metal 
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ions and be converted to the relevant mSiO2-coated tubular Au-based 
nanocomposites through similar steps.  
4.2.5 Synthesis of metal oxide-AuPd0.18 HNRs nanocomposites  
    For the deposition of metal oxides on the AuPd0.18 HNRs (Scheme 4.1d), 
20.0 mL of the as-obtained AuPd0.18 HNRs, after being washed in ethanol 
once and in water for three times, was sonicated for 20 min in diluted HCl 
solution (pH 	 3). Afterward, the AuPd0.18 HNRs were washed with deionized 
water and then redispersed in 20.0 mL deionized water to get the stock 
solution. 
    For the deposition of TiO2, we employed a method which was developed 
for formation of TiO2 on carbon nanotubes.[28] Briefly, 1.0 mL of stock 
solution of AuPd0.18 HNRs was mixed with 4.0 mL of deionized water, into 
which 30-100 L of freshly prepared 0.04 M TiF4 suspension was added under 
magnetic stirring. The mixture was kept at 60oC for 6 h in a glass bottle 
capped by a layer of parafilm to obtain the AuPd0.18 HNRs-TiO2 
nanocomposite. 
     For the deposition of Co3O4, 3.0 mL of the stock solution of AuPd0.18 
HNRs was mixed with 5.0 mL of deionized water and 30 L of 0.1 M 
Co(AC)2, followed by a dropwise addition of 40 L of 1.78% ammonium 
solution; the mixture was transferred to a Teflon-lined stainless steel autoclave 
and kept at 120oC for 5 h to get the AuPd0.18 HNRs-Co3O4 nanocomposite.  
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    For the deposition of Cu2O, 3.0 mL of the stock solution of AuPd0.18 was 
mixed with 5.0 mL of deionized water, and 510L of 15 M NaOH was then 
added, followed by a dropwise addition of 3080L of 0.1 M Cu(NO3)2. The 
mixture was stirred for 2 min, and 120350 L 0.1 M L-ascorbic acid was 
also added dropwise. After stirring for 515 min, the mixture was centrifuged 
at 6000 rpm for 10 min to give the AuPd0.18 HNRs-Cu2O nanocomposite.  
4.2.6 Materials characterization  
    The above formed products were characterized by transmission electron 
microscopy (TEM, JEM-2010, 200 kV) and high-resolution TEM (HRTEM, 
JEM-2100F, 200 kV). X-ray photoelectron spectroscopy (XPS, AXIS-HSi, 
Kratos Analytical) analysis was conducted using a monochromatized Al Kα 
exciting radiation (hν = 1286.71 eV) with a constant analyzer-pass-energy of 
40.0 eV. All binding energies were referenced to C 1s peak (its binding energy 
set at 284.5 eV) arising from CC bonds. Crystallographic information was 
obtained by powder X-ray diffraction (D8 Advanced, Bruker, Cu Kα radiation 
at 1.5406 Å). Besides, different aqueous solutions were characterized by 
UV-Vis spectrometry (UV-2450, Shimadzu). The elemental compositions of 
the Au and AuxMy HNRs were determined through inductively coupled plasma 
(ICP, Dual-view Optima 5300 DV ICP-OES) analysis.   
4.2.7  Photodegradation of methyl orange   
    To test the catalytic activity of our AuPd0.18 HNRs-metal oxide 
nanocomposites, 4.0 mg of AuPd0.18 HNRs-Cu2O nanocomposite was added 
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into 90.0 mL of 15.0 mg/L methyl orange aqueous solution (pH 7.0). The 
mixture was vigorously stirred in dark for 90 min to achieve 
adsorption-desorption equilibrium. Subsequently, it was irradiated with a Hg 
lamp (125 W; Philips) which was placed 22 cm away from the reactor and 
light was filtered with a cutoff filter (λ= 420 nm, area = 25 cm2). To follow the 
reaction kinetics, 3.0 mL of the solution was sampled every time and was 
measured using the UV-Vis spectrophotometer after centrifuging at 6000 rpm 
for 4 min to remove the AuPd0.18 HNRs-Cu2O catalyst. 
4.2.8 Electrooxidation of methanol by Au and AuxMy HNRs  
    Prior to the modification, the glassy carbon electrode (GCE, 3 mm in 
diameter) was polished with 1 m, 0.3 m and 0.05 μm alumina slurries on a 
polishing microcloth. The electrode was sonicated in ultrapure water for 10 s 
between slurries. Afterward, the GCE was subjected to chemical polishing 
through anodization at +1.80 V in 0.1 M NaOH for 10 s and rinsed with 
ultrapure water.  
    To prepare the ink for GCE modification, 9.1 mg of the as-prepared Au 
or AuxMy HNRs, after being washed twice with ethanol and dried in vacuum, 
was redispersed in 0.4 mL of deionized water (for the AuxMy HNRs) or in 0.4 
mL of 2 mM CTAB aqueous solution (for the Au HNRs) together with 10 L 
5%wt nafion solution. The mixture was sonicated to get a homogeneous thick 
ink, and 14 L of the as-prepared ink was dropped on the polished GCE. 
After 30 min, 1 L 1% nafion was topped on the modified GCE, which was 
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then dried overnight at ambient conditions. Electrochemical measurements 
were done using a computer-controlled potentiostat (Autolab, PGSTAT 302N) 
with a standard-three-electrode configuration. The counter and reference 
electrodes were Pt gauze and Ag/AgCl saturated KCl, respectively. Prior to 
each measurement, a solution with 0.5 M NaOH and 0.5 M methanol was 
purged with Ar for 0.5 h. Cyclic voltammograms with various modified GCEs 
were recorded in the potential range of 0.8 V to +0.8 V with a scan rate of 50 
mV/s. 
 4.3 Results and discussion 
4.3.1 Reactions between AuNC assemblages and transition 
metal ions   
     Shown in Figure 4.1a,b, the original nanorod-shaped AuNC 
assemblages depicted in Scheme 4.1a have been well characterized in our 
previous work.[15] They were prepared using HAuCl4 as the metal precursor, 
thiourea as the reductant and cetyltrimethylammonium bromide (CTAB) as the 
stabilizing agent.[15] The fabrication of such rod-shaped AuNC assemblages 
firstly involves the formation of the rod-shaped soft template which is formed 
out of the interaction between the CTAB micelles and AuCl4 ˉ  ions; 
subsequently, the on-site reduction of AuCl4ˉ ions with thiourea leads to the 
simultaneous formation and self-assembly of AuNCs.[15] Thus-obtained 
AuNCs are below 3 nm in sizes. Prior to the addition of the transition metal 
ions, the surfactant sodium dodecylbenzenesulphonate (SDBS) was added to 
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further protect the AuNCs and thus prevent them from aggregation upon the 
addition of transition metal ions. No obvious changes is observed when SDBS 
was added into the opalescent colloid of AuNC assemblages (Figure S4.1). 
Subsequently, the addition of different transition metal ions leads to the 
formation of the transient structure described in Scheme 4.1b which is 
evidently different from their original AuNC assemblages. Optical properties 
of these colloidal products were measured. Compared with that of the 
precursor AuNC  
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Figure 4.1. TEM images of (a, b; i.e., Scheme 4.1a) the original AuNC 
assemblages and (c, d, e; i.e., Scheme 4.1b) typical tubular structures formed 
after reacting with Cu(NO3)2; (f) UV-Vis spectra and (g) photograph for the 
colloid of AuNC assemblages before and after reaction with transition metal 
ions. 
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assemblages, the absorption at the UV and visible range is enhanced 
significantly (Figure 4.1f) after introducing the transition metal ions. And as 
shown in Figure 4.1g, the color of the mixture changed drastically, becoming 
orange red for adding AgNO3, light yellow brown for adding Cu(NO3)2, and 
deep yellowish brown for the additions of PdCl2 and HAuCl4. Typical TEM 
images of the products from the reaction between the rod-shaped AuNC 
assemblages and Cu(NO3)2 are displayed in Figure 4.1c,d,e. Similar product 
morphologies are also seen when the same AuNC assemblages react with 
AgNO3 (Figure S4.2), PdCl2 (Figure S4.3) and HAuCl4 (Figure S4.4). 
Interestingly, these product assemblages possess much clearer boundaries, as 
the contrast along the edge is much higher than that of the central parts (Figure 
4.1d,e). In this regard, the original rod-shaped assemblages (e.g., Figure 4.1a,b) 
which have homogeneous contrast across the whole assemblage turned into 
hollow structures (i.e., the transient tubular assemblage presented in Scheme 
4.1b) after reacting with the transition metal ions. Inter-crystallite spaces 
among the NCs (Figure 4.1e) are much smaller than those in the original 
assemblages (Figure 4.1b), and HRTEM technique reveals that short-range 
oriented attachments among neighboring NCs are prevailing in the resultant 
tubular assemblages (Figure S4.5). Our elemental mapping measurement 
elucidates that the transition metal ions have been incorporated into the 
tubular products (Figure S4.6), and XPS analysis further supports this 
observation (Figure 4.2a-d). Strong signals from the corresponding metal 
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elements are obtained in each case. Note that for XPS analysis each sample 
was washed thoroughly to minimize the presence of the adsorbed transition 
metal ions on the tubular structures. The original AuNC assemblages are in 
their metallic state, with a major binding energy  peak at 83.6 eV for Au 
4f7/2.[15] After being treated with the transition metal ions, the major binding 
energy peaks of Au 4f7/2 for all of the four cases shift to 83.8~84.2 eV (Figure 
4.2d and Figure S4.7), which are higher than those of the metallic Au(0) 
species but similar to the oxidation state of Au(I) in Au2S.[18] In addition, the 
binding energies of the added transition metal ions in each case are lower than 
those of their corresponding metal precursors. More specifically, two binding 
energy peaks at 934.5 and 932.4 eV are observed for Cu 2p3/2 (Figure 4.2a), 
with the lower one assigned to Cu(I) species, one peak at 367.7 eV for Ag 
3d5/2 (Figure 4.2b), and one peak at 336.9 eV for Pd 3d5/2 (Figure 4.2c). For 
the sample with the addition of HAuCl4, a major Au 4f7/2 peak at 84.2 eV is 




Figure 4.2. (a-d) XPS spectra of the transient AuxMySz NCs from the reaction 
between the AuNC assemblages with the transition metal ions: (a) Cu 2p for 
the case of Cu(NO3)2, (b) Ag 3d for the case of AgNO3, (c) Pd 3d for the case 
of PdCl2, and (d) Au 4f for the case of HAuCl4; (e-h) XPS spectra of the Au & 
AuxMy metallic HNR obtained from the reduction of the metal sulfides: (e) Cu 
2p for the case of Cu(NO3)2, (f) Ag 3d for the case of AgNO3, (g) Pd 3d for the 
case of PdCl2, and (h) Au 4f for the case of HAuCl4. The black lines are the 
experimental data, the green and pink lines are the fitted data, and only BE 
peaks for Cu 2p3/2, Ag 3d5/2, Pd 3d5/2 and Au 4f7/2 are indicated. 
   
   The above results indicated the occurrence of redox reactions between the 
AuNCs and the metal precursors whereby the AuNCs were partially oxidized 
whereas Cu2+, Ag+, Pd2+ and Au3+ were partially reduced. Such results are 

















when the one in the metallic form has lower reduction potentials. Actually, in 
our synthesis, the original AuNC assemblages were prepared using thiourea as 
the reductant. Therefore the residual S2 species on the AuNC assemblages 
could assist the reduction and the immobilization of the transition metal ions 
on the surface of the assembled AuNCs through on-site sulfidation. The 
binding energy peaks of the added transition metal ions in Figure 4.2a-d and 
the colors of the resulting solutions are consistent with those of the 
corresponding metal sulfides. In this agreement, XPS spectra of S 2p in the 
resultant products also confirm the formation of metal sulfides (Figure S4.7). 
In addition, it has been well known that AuNCs below 3 nm are much more 
reactive than their larger counterparts.[19, 20] Due to the small sizes, the AuNCs 
have a high fraction of unsaturated surface atoms.[21] Such atoms are much 
more susceptible to oxidative species than their larger counterparts and 
therefore tend to be partially oxidized by transition metal ions like Cu2+. 
Because the on-site reduction and sulfidation of the externally introduced 
transition metal ions occur on the surfaces, both the partially oxidized Au and 
the partially reduced transition metal ions are retained on the NCs as sulfides 
(Scheme 4.1b). Therefore, any remaining transition metal ions in the bulk 
solution could be removed easily through centrifugation, which is a process 
advantage for the preparation of AuxMy alloy HNRs with high morphological 
and compositional purities.  
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     Accompanied with the above compositional changes is a hollowing 
effect that leads to the tubular assemblages as exemplified in Figure 4.1e. 
Although hollowing solid nanoparticles through Ostwald ripening or 
Kirkendall effect is often reported,[22, 23] hollowing an assemblage of NCs 
through chemical reactions has not been found so far to the best of our 
knowledge. On the one hand, the addition of the transition metal ions 
increases the ionic strength of the colloid and decreases the Debye length and 
thus destabilizes the NCs according to the DLVO theory.[24] Such 
destabilization effect is especially evident when an excess dosage of the 
transition metal ions is applied or when no surfactant such as SDBS is present. 
For example, extensive aggregations were observed among NCs within the 
same assemblage, forming irregular large crystal aggregates within the tubular 
assemblage (Figure S4.8). On the other hand, it is understandable that the 
reactions between AuNCs and transition metal ions are commenced on the 
external surface of AuNC assemblages, which could thus register a relatively 
dense shell. With the reaction proceeding on, the internal AuNCs would also 
interact with the transition metal ions and become destabilized, which 
ultimately precipitates on the preformed shell. As such, the rod-shaped NCs 
assemblages turned into hollow tubular structure after reactions.  
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4.3.2 Synthesis of metallic Au and AuxMy (M = Cu, Ag and Pd) 
HNRs 
     Since gold is one of the most inert metals, the preparation of hollow 
nanostructures of this metal often uses more active metals (e.g., Ag) with a 
desired shape as sacrificing hard templates. In this work, the tubular 
assemblages shown in Figure 4.1c,d,e (also in Scheme 4.1b) could serve as a 
self-templating precursor and be converted into bimetallic alloy HNRs (i.e., 
Scheme 4.1c) through simple redox reactions at room temperature. The 
tubular assemblages (Figure 4.1c,d,e) were reduced partially by N2H4 and then 
by NaBH4 thoroughly. Shown in Figure 4.3a,b,c, ultrathin HNRs with wall 
thickness less than 5 nm are obtained, with the length ranging in 100800 nm 
and the diameter in 3080 nm. The hollow interior of the formed nanorods is 
affirmed by the higher image contrast at their edges (Figure 4.3c,d), as well as 
EDX line scan (Figure S4.9). The numerous lattice domains with size around 
5 nm in HRTEM images of Figure 4.3d and Figure S4.10 clearly confirm the 
polycrystalline nature of metallic HNRs. Small crystalline domains connect 
with each other through short-range  
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Figure 4.3. (a,b,c) Typical TEM and (d) HRTEM images of metallic AuPd0.18 
alloy HNRs; typical TEM images of (e) AuCu0.47, (f) AuAg0.38 and (g) Au 
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oriented attachment, forming a continuous shell. The addition of other 
transition metal ions can also produce similar HNR structures (Figure 4.3e,f,g) 
with different metal compositions (elemental mappings of Figure 4.3h,i,j). The 
ICP analysis reveal that the resultant alloys have chemical formulas of 
AuCu0.47 (Figure 4.3e,h), AuAg0.38 (Figure 4.3f,i), and AuPd0.18 (Figure 
4.3a,b,c,d,j), respectively. In addition to Figure 4.3, TEM, HRTEM and EDX 
analyses of the final products for the cases of Cu(NO3)2 (Figure S4.11), 
AgNO3 (Figure S4.12) and HAuCl4 (Figure S4.13) reveal the formation of 
metallic HNRs with different degrees of structural integrity. Note that the 
HNRs are perforated to some degree, with irregular pores observed in their 
walls (Figure S4.12, S4.13, S4.14).   
     The as-generated metallic HNRs demonstrate distinct optical properties 
from their transient tubular assemblages. The aqueous solutions of those 
metallic HNRs are light blue or deep blue, except that the AuCu0.47 bimetallic 
HNRs is dark green (Figure 4.4a). For anisotropic Au nanostructures, in 
general, two surface plasmon resonance (SPR) absorption bands can be 
identified in their UV-Vis spectra, one in the visible light range which is due to 
the transverse resonance, and the other in the near-infrared range due to the 
longitudinal resonance.[25, 26] The resulting Au-based HNRs demonstrate 
UV-vis spectrum significantly different for that of the AuNC assemblages 
which has no characteristic absorption peaks due to their small sizes (Figure 
4.1f). As shown in Figure 4.4b, depending on their chemical compositions, the 
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transverse SPR bands center at different wavelengths, specifically, ca. 800 nm 
for AuCu0.47 HNRs, 722 nm for AuPd0.18 HNRs, 686 nm for AuAg0.38 HNRs 
and 581 nm for the Au HNRs. It has been known that structural features of the 
tubular nanostructures (e.g., solid vs hollow, aspect ratio, and wall thickness 
etc.) can exert strong influences on their SPR properties. For solid 1D Au 
nanostructures, i.e., nanorods or nanowires, the transverse and longitudinal 
bands are often well separated.[25, 26] Nonetheless, as observed in Figure 4.4b, 
for all of our tubular Au and AuxMy nanostructures, the transverse and the 
longitudinal bands overlap with each other at their boundary. Such a 
difference can be understood by examining the SPR behaviors of the hollow 
gold spheres. According to previous researches,[1] severe red-shift of the 
transverse SPR band would occur when a solid gold sphere becomes hollow.[1] 
For instance, it was reported that the solid Au nanospheres of 50 nm have a 
SPR band centered at 530 nm whereas their hollow counterparts (wall 
thickness 4.5 nm) have a SPR band at 710 nm.[1] Moreover, the SPR behaviors 
of the spherical nanoshells are extremely sensitive to the shell thickness.[25] 
The elongated voids of our 1D HNRs also cause severe red-shifts of the 
transverse bands toward the near-infrared region where the longitudinal bands 
are located, leading to the overlapping and thus a fuller consecutive absorption 
coverage from the visible light to the  near infrared range.  
    The above metallic HNRs were also studied with XRD. In Figure 4.4c, 
compared with the XRD pattern of the Au hollow nanorods, all of the four 
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main peaks of AuCu0.47 are shifted to higher angles, falling between the 
corresponding peaks of Au and Cu crystals. The XRD pattern of AuPd0.18 
demonstrates similar deflection characteristics. This observation confirms the 
formations of alloys in the two HNRs. No appreciable shift in XRD peaks of 
AuAg0.38 is observed, as the XRD peaks of Ag metal are very close to those of 
Au (i.e., the atomic sizes of the two metals are extremely close). Our XPS 
analysis (Figure 4.2d,e,f,g) reaffirms the presence of the added metals (i.e., Cu, 
Ag and Pd) in the as-formed HNRs and their metallic nature.  
      The externally introduced metal ions and related constituents influence 
the structural integrity of the resultant HNRs. Among the four transition metal 
ions added, the addition of PdCl2 was found to form the HNRs with the 
highest structural integrity. For per 1.0 mL of the stock solution of AuNC 
assemblages, 30200 L of 0.01 M PdCl2 solution could be added; all these 
conditions generate AuxPdy alloy HNRs with high structural integrity (Figure 
S4.14). For the cases of Ag and Cu, HNRs with high structural integrity are 
obtained at relatively high dosages of transition metal ions, e.g., above 60 L 
for 0.01 M AgNO3 (Figure S4.15) or above 150 L for 0.1 M Cu(NO3)2 
(Figure S4.16). Under a lower dosage of AgNO3 (Figure S4.15) or Cu(NO3)2 
(Figure S4.16), highly porous HNRs or nanobelts consisting of many large 
nanoparticles are formed. The hollow structures formed from the addition of 
HAuCl4 demonstrate the lowest structural integrity. The resultant HNRs are 
perforated and entangled with each other (Figure 4.3g and Figure S4.13). To 
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obtain the Au HNRs, less than 60 L of 0.01 M HAuCl4 is needed for per 1.0 
mL of stock solution of AuNC assemblages, because HAuCl4 has a much 




Figure 4.4. (a) Photograph of (a-1) AuCu0.47, (a-2) AuAg0.38, (a-3) AuPd0.18, 
(a-4) Au HNRs colloids and their corresponding (b) UV-Vis spectra and (c) 
XRD patterns. Numbers in (c) are the 2θ angles of the relevant peaks for Au 
and AuCu0.47 HNRs. 
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     As can be seen, our synthetic approach (R + T  P) is conceptually 
differentiated from those approaches using hard templates (R + T  P + W). 
As different synthetic approaches might involve the usages of different 
surfactants, reductants, solvents, temperatures and operations, it is challenging 
to compare the overall atom efficiency of different processes. Nonetheless, the 
element efficiency of the core components directly involved in the synthesis 
(namely the noble metal in this case) could be compared straightforwardly 
between our approach and those reviewed at the beginning. In our approach, 
100% of the precursor HAuCl4 could be converted to the AuNCs.[15] Because 
the AuNCs are only slightly oxidized by the transition metal ions (as 
supported by the relevant XPS analysis) and are retained as metal sulfides 
during the transformation to Au-based HNRs, less than 2.0% of Au is 
dissolved into the bulk solution when the AuNCs are converted to the final 
products (ICP analysis). Furthermore, nearly all of the transition metal ions 
could be retained on the AuNC assemblages in the form of metal sulfide as 
long as the applied dosage (or the concentration) is not too high. Thus the 
overall element efficiency of the metal is exceptionally high using this 
approach (especially for the Ag+ and Pd2+ cases).  
4.3.3 Synthesis of various AuXMy HNR-based nanocomposites  
    Various inert oxides such as SiO2 or transition metal oxides could be 
deposited on the AuxMy HNR, forming different AuxMy HNR-based 
nanocomposites. To prepare the SiO2-coated nanocomposite, a solid layer of  
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Figure 4.5. (a,b) FESEM, (c,d) TEM and (e) elemental mappings of tubular 
AuNC assemblages coated with a layer of mSiO2; TEM images and elemental 
mappings of (f,g,h,l) mSiO2-coated tubular AuxCuy nanocomposites and 
(i,j,k,m) mSiO2-coated tubular AuxPdy nanocomposites. 
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materials such as mesoporous SiO2 (mSiO2) was firstly coated onto the AuNC 
assemblages, forming a relatively hard shell (Scheme 4.1g, Figure 4.5a,b). As 
evidenced in the different image contrasts between the shell and the core in 
Figure 4.5c,d, a layer of mSiO2 was formed uniformly on each AuNC 
assemblage. The mSiO2 coating was done without affecting the size and 
morphology of the AuNCs within each assemblage, as no aggregation among 
AuNCs was observed. Elemental mapping confirms the formation of the 
mSiO2 shell (Figure 4.5e) whose mesopores could be observed clearly at 
higher image resolution. Note that such mSiO2-coated AuNC assemblages 
themselves can serve as linear nanoreactors for various Au-based catalytic 
reactions. Moreover, coating of the AuNC assemblages with a mSiO2 layer 
renders higher structural stability, which therefore allows additional controls 
over the coalescence of the AuNCs within the confined space and also 
stabilizes the as-formed tubular Au-based nanocomposites. The redox 
reactions between the AuNCs and the transition metal ions could occur within 
the mSiO2 layer since the transition metal ions could transport freely into the 
mSiO2 layer. Similar to the uncoated cases, the color changes were observed 
when the transition metal ions were added into the mSiO2-coated AuNC 
assemblages, giving the metal sulfide intermediates (Scheme 4.1f). The in-situ 
reduction of such intermediates produces their respective mSiO2-coated 
Au-based tubular nanocomposites (Scheme 4.1g). For instance, mSiO2-coated 
perforated AuxCuy (Figure 4.5f,g,h) and AuxPdy (Figure 4.5i,j,k) alloy 
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nanocomposites were formed, whose chemical compositions are confirmed by 
elemental mapping (Figure 4.5l,m). Different from the previous cases (Figure 
4.3), confined within the mSiO2 layer, no entangling among the tubular 
nanocomposites occurs (Figure 4.5). Therefore, the confinement within the 
mSiO2 shell would help them to maintain their 1D integrity and disperse better 
in aqueous solution, considering the hydrophilic nature of silica. Potentially, 
these mSiO2-coated Au-based tubular nanocomposites could be used as 
supported nanocatalyst for various heterogeneous catalysis reactions. It should 
also be mentioned that when NaBH4 is used as the reductant, it leads to very 
alkaline environment and partially etches the SiO2 layer.   
     Moreover, as depicted in Scheme 4.1d, the as-prepared ultrathin AuxMy 
alloy HNRs could be used as conductive supports for the deposition of metal 
oxides such as Cu2O, TiO2 and Co3O4 using the similar methods of metal 
oxide deposition on carbon nanotubes.[27, 28] Displayed in Figure 4.6, the 
morphologies of deposited metal oxides are very similar to those synthesized 
on the carbon nanotubes.[27, 28] Porous petals are formed for the case of TiO2 
(Figure 4.6a,b,g and Figure S4.17), sphere-like aggregates for the case of 
Co3O4 (Figure 4.6c,d,h), and nanocubes for the case of Cu2O (Figure 4.6e,f,i). 
The crystalline nature of the deposited metal oxides is also confirmed by the 
XRD technique (Figure S4.18). The amount and the size of the deposited 
metal oxides could be controlled by changing the synthetic parameters such as 
the ratio of metallic HNRs to metal oxide precursors, and the addition rate of 
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reactants (Figure S4.19). A key factor for successful deposition of metal 
oxides is to ensure clean surfaces for the HNRs, which promotes 
heterogeneous nucleations on the HNRs while suppresses homogeneous 
nucleations in the bulk solution.  
 
Figure 4.6. (a,b,c,d,e,f) TEM images and (g,h,i) elemental mappings of 

























         Metal oxidemetal hybrid materials are reported to possess 
synergistic properties compared with their individual components. As shown 
in Figure 4.7, to test our metal oxidemetallic HNRs nanocomposites, a 
preliminary study was conducted using Cu2O-AuPd0.18 nanocomposite for 
photocatalytic degradation of methyl orange using visible light. As shown in 
Figure 4.7a, the adsorption-desorption equilibrium was achieved within 1.5 h. 
Figure 4.7b shows that the reaction kinetics can be divided into two stages, 
both of which can be well fitted by first order reaction equation ln(C0/C) = kt, 
where C0 is the initial methyl orange concentration, C the concentration at 
irradiation time t, and k the rate constant with a unit of min1. In the first hour 
of irradiation, our Cu2OAuPd0.18 HNRs catalyst demonstrates excellent 
catalytic activity. Rate constant k in this stage is 1.02
102 min1. It has been 
reported that the enhancement of Au toward the electrical conductivity of 
Cu2O nanocrystals is facet-dependent. Compared to the AuCu2O core-shell 
cubes, for example, AuCu2O core-shell octahedrons were observed with 
higher photocatalytic activity.[29] In comparison, the performance of our Cu2O 
cubes-AuPd0.18 HNRs nanocomposite is much higher than the best Au-Cu2O 
core-shell octahedral catalyst, especially in the first hour of reaction. As can be 
seen, the decrement in the absorbance approaches 0.25 (inset, Figure 4.7a) and 
42% of methyl orange (inset, Figure 4.7b) was degraded in our case in the first 
hour, whereas in the reported case the decrement in absorbance is 0.11 and the 
decrement was 10% at the same reaction stage.[29] Note, in that work, similar 
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reaction conditions were employed except using 3.2 mg catalyst and a 500 W 
Xenon lamp.[29] Actually, the performance of our Cu2O cubesAuPd0.18 HNRs 
is comparable to that of a sandwich-like catalyst Au@SiO2@Cu2O reported in 
the literature (in which 6 mg catalyst was added into 40 mL of 50 mg/L methyl 
orange solution).[30] The reaction kinetics in this stage reflects the pristine 
catalytic activity of our Cu2O-AuPd0.18 HNRs. Nonetheless, with the reaction 
proceeding on, the kinetics of the degradation of methyl orange decreases 
(Figure 4.7b), with k obtained as 1.92
103. Such a phenomenon is also 
frequently observed in other Cu2O-based photocatalysts.[29] TEM 
characterization of the spent catalysts also reveals that the chemical etching of 
Cu2O nanocubes is a major cause for the lowering of the catalytic activity 
(Figure 4.7d).  
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Figure 4.7. Photodegradation of methyl orange (pH 7.0) catalyzed by 
Cu2O-AuPd0.18 HNR nanocomposite: (a) absorbance of the methyl orange 
solution at 463 nm versus the total time and the inset is the evolution of the 
UV-Vis spectra, and (b) kinetics of methyl orange degradation fitted by 
first-order reaction; the dots are experimental data and the red lines are fitted 
data; TEM images of Cu2O-AuPd0.18 alloy HNRs: (c) before and (d) after 
photodegrdation of methyl orange. The inset of (b) is the normalized methyl 
orange concentration (C/C0) versus the irradiation time.  
4.3.4 Electrooxidation of methanol catalyzed by Au and 
AuxMy HNRs 
     The as-prepared Au-based tubular structures could be used as catalysts 
for different types of reaction. Herein, as a demonstration, the metallic HNRs 
were used as a catalyst for methanol electrooxidation. For a comparison, the 
first four cyclic voltammetric (CV) scans of each catalyst in a solution of 0.5 
M NaOH and 0.5 M methanol are displayed in Figure 4.8. It can be seen that 
c d
100 nm 20 nm
a b
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with increasing CV scans the enhancement of catalytic activity is observed in 
all of the four cases, and it originates from two aspects. First, as in most CV 
scans, the reactions in the earlier cycles are often diffusion-limited as it takes 
time for the reactant to diffuse from the bulk solution to the catalyst. Second, 
oxidative polarization of the catalyst at higher voltage can oxidize the residual 
organics such as the surfactant on the catalyst, giving cleaner catalyst surface 
for reaction. Pd-related nanomaterials have been reported to be an excellent 
catalyst for alcohol electrooxidation.[31-33] Indeed, among the four catalysts, 
AuPd0.18 HNRs demonstrate the highest activity toward methanol oxidation 
(Figure 4.8c). The activation of catalyst is observed in the first cycle (the 
black curve ), with a wide anodic band observed within the range of -0.20.3 
V (versus Ag/AgCl/3M KCl, similarly thereafter) which is ascribed to the 
overlapped oxidation of the surface species on the catalyst and the methanol 
oxidation. In the second CV cycle (the red curve), the anodic peak becomes 
well-defined, and its setting-out potential shifts to 0.59 V and its current 
density is significantly enhanced, showing evidently improved catalytic 
acitivty towards methanol oxidation. Eventually, the peak density stabilizes at 
69 mA/cm2 at 0.00 V in the fourth cycle (the green curve). Note that this is the 
current density before iR-drop compensation. In terms of the set potential and 
the peak current density, our AuPd0.18 HNRs are comparable to many of the 
best supported and/or unsupported pure Pd or Pd-related catalysts.[31, 32, 34] In 
the negative-ongoing reverse scan, consistent with those reported in the 
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literature,[31, 32, 34] the positive cathodic current density is observed, which is 
primarily associated with the removal of the carbonaceous species.[33] It could 
be expected that their elongated structures enable better interconnectivity and 
thus higher conductivity compared with other discrete 0D Pd-based 
nanoparticles. And compared with those solid particles, the ultrathin shells 
with thickness less than 5 nm have a relatively high surface-to-body atomic 
ratio, therefore giving a high population of active sites. Furthermore, our alloy 
AuPd0.18 HNRs have rough surfaces and are polycrystalline in nature. It is 
expected that all of these factors could contribute to the high electrocatalytic 
activities.  
    AuCu0.47, AuAg0.38 and Au HNRs were also tested for the methanol 
oxidation at the same conditions. Their catalytic acitivty are intrisically low 
compared with that of the AuPd0.18 HNRs. Briefly, the AuCu0.47 HNRs (Figure 
4.8a) demonstrates an anodic peak at -0.5 V in the first cycle which could be 
assigned to oxidation of Cu;[35] in the fourth scan the methanol oxidation starts 
at around 0.28 V, which is 0.27 V lower than that of the bulk Cu electrode.[35] 
Ag related catalysts for electrooxidation of methanol are much less 
reported.[36] For AuAg0.38 HNRs (Figure 4.8b), no well-defined anodic peaks 
is found, which is probably due to the severe overlapping of methanol 
oxidation and the Au/Ag oxidation range. Au is considered as a poor catalyst 
for electrooxidation of methanol.[37-40] Accordingly, no well-resolved anodic 
peaks from methanol oxidation is found for the Au HNRs (Figure 4.8d). In the 
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first forward scan an anodic peak centered at 0.52 V is observed, which might 
be due to coupled reconstruction as well as oxidation of the Au surface 
atoms,[37, 40] and the reduction peak in the negative-going reverse scan is due 
to the removal of the gold surface oxides.[37]   
        The differentiated electrocatalytic activities toward methanol 
oxidation in Figure 4.8 render the additional confirmation to the different 
chemical compositions of Au and AuxMy alloy HNRs. The catalytic stability 
and repeatability of the AuxMy alloy HNRs were also tested. The electrodes 
prepared from the same ink of AuxMy alloy HNRs which had been stored for 
more than one month have been repeatedly scanned for 40-60 CV cycles 
(Figure S4.20). It was found that the current density for the case of Au and 
AuCu0.48 HNR decreased gradually, whereas no noticeable decrease in the 





Figure 4.8. The first four CV scans of the methanol oxidation reaction on 
GCE coated with (a) AuCu0.47, (b) AuAg0.38, (c) AuPd0.18, (d) Au HNRs in a 
Ar-saturated 0.5 M NaOH + 0.5 M CH3OH solution at a scan rate of 50 mV/s. 
Catalyst loading: o.32 mg/cm2 in each case. The legends (1 to 4) correspond to 
the number of scan. Note that the geometric surface area was used directly for 
calculation of the current density. 
 
4.4 Conclusions 
In summary, for the first time, reacting with transition metal ions such as 
Cu(II), Ag(I), Pd(II) and Au(III), the rod-shaped assemblages of AuNCs 
undergo structural and compositional transformations, generating metallic Au 
and AuxMy (M = Cu, Ag, Pd) alloy hollow nanorods (HNRs) with different 
extents of structural integrity. Thus prepared metallic Au and AuxMy alloy 
HNRs are polycrystalline with wall thicknesses of less than 5.0 nm. 




pursued after coating the AuNC assemblages with a thin shell of mesoporous 
SiO2. A range of mesoporous SiO2-coated Au and AuxMy HNR can be thus 
prepared, which provides a new way to fabricate supported metal 
nanocatalysts. Various metal oxides including TiO2, Cu2O and Co3O4 could be 
also deposited onto the as-prepared AuPd0.18 HNRs to prepare the metal 
oxide-metal hybrid. The Cu2O-AuPd0.18 HNR nanocomposite demonstrates 
high pristine catalytic activity towards photodegradation of methyl orange, 
though its stability needs to be improved. The Au and AuxMy alloy HNRs were 
evaluated for electrooxidation of methanol in alkaline conditions; among the 
tested samples for this reaction, the AuPd0.18 HNRs demonstrate the highest 
activity. On the basis of this work, therefore, we have developed a general and 
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Chapter 5. Kinetically Controlled Growth of Fine 
Gold Nanofractals from Au(I) via Indirect 
Galvanic Replacement Reaction 
 
5.1 Introduction 
    Fractals or dendritic structures, whose growing patterns are self-similar 
in a statistical sense, have been frequently observed both in nature and in 
scientific research.[1-4] The formation process of dendritic structures is mainly 
dictated by three factors including ion-transport, interface processes and the 
crystalline anisotropy of a depositing matter. In recent years, in particular, 
dendritic nanostructures of Au with different level of anisotropicity were 
formed through various methods.[5-8] As one of the most inert metal, 
properties of Au nanostructures largely depend on their sizes which associate 
closely with the reduction kinetics.[9-11] In most wet chemical or 
electrochemical approaches, tetrachloroaurate (AuCl4) was used as the 
precursor for growth of Au fractal. Nonetheless, due to its high standard 
oxidative potential, usage of AuCl4 species often associate with too fast 
reduction kinetics. Various strategies were employed to control the reduction 
kinetics for growth of Au fractals. For instance, supermolecular complexes of 
-cyclodextrin and dodecyltrimethylammonium bromide,[12] or organic 
electrolyte such as N,N-dimethylformamide/acetonitrile[13] or agents such as 
ethylenediamine[14] were used in electrodeposition of Au fractals. And among 
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various galvanic replacement reactions,[6, 15, 16] nonaqueous solvent such as 
highly viscous ionic liquid[6] was employed. In addition, there is also report 
on usage of thermally evaporated hexadecylaniline thin films as substrate to 
control deposits of Au fractals.[16] In spite of the extensive chemicals and/or 
complicated processes employed, nonetheless, Au nanofractals produced 
through the above strategies still have coarse branches with diameters from 
tens of nanometers to even sub-micrometers,[12, 14, 17] indicating limited 
control over the reduction kinetics of the metal precursor. 
      Meanwhile, galvanic replacement reactions represent one of the most 
important low-temperature methods for growth of various metal and even 
metal oxide micro/nanostructures.[15, 18-24] In most galvanic replacement 
reactions, the two half-reactions take place at the same location or the 
dissolving anodic metal and the depositing cathodic metal are in direct 
contact. Such processes can be classified as direct galvanic replacement 
(DGR). The electrons generated from the anodic oxidation in a DGR process 
are consumed readily by the cathodic ions from the solution. Therefore, a 
DGR process is usually associated with relatively fast redox processes, which 
probably explains why Au nanofractals from such DGR process usually have 
coarse branches.[15, 16] In addition, in a DGR process the anodic metal directly 
serves as a substrate for galvanic deposition of the cathodic metal, which 
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therefore does not allow many choices on the surface properties of the 
substrate for the cathodic deposits.  
      Recently, we recognized that the galvanic replacement reactions 
occurring within a local electrochemical cell might offer advantage over the 
growth control of metal nanofractals when the anode and cathode are 
distanced in space by a conducting film. In this work, we used transmission 
electron microscopy (TEM) sample grids (e.g., formvar/carbon coated copper 
grid (FCCG)) to conFigure 5.redox environments. On the conducting film 
(e.g., the formvar layer and the carbonaceous layer in the case of FCCG), 
with the precursor solution serving as the electrolyte, local galvanic cells 
would be established where the Cu grid is the dissolving anode and the 
anodic electrons flow to the conducting film which serves as a substrate for 
cathodic gold deposition. As such, this alternative process where the anode 
and the cathode are apart in space is termed as indirect galvanic replacement 
(IGR). Using this IGR strategy and Au(I) species prepared from redox 
reaction of HAuCl4 and S2, facile and highly repeatable generation of fine 
Au nanofractals with diameters of 4.0 nm and length of micrometers has been 
realized. The formation mechanism was examined, and on this basis controls 
over the growth density, formation location and local feature are also 
demonstrated. Performance of such fine Au nanofractals toward 
electrochemical sensing of H2O2 was also evaluated. 
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5.2  Experimental section   
5.2.1 Chemicals and materials  
    The following chemicals were used as received without further 
purification: Na2S (Alfar Aesar), HAuCl43H2O (>99.99%, Sigma Aldrich), 
cetyltrimethylammonium bromide (CTAB, 99.6%, Fluka), AgNO3 (>99.8%, 
Merck), ethanol (analytic grade, Merck), methanol (analytic grade, Merck), 
acetone (analytic grade, Merck); H2O2 (30%, Merck); Phosphate buffer 
solution (PBS, pH = 7.0, Merck); 5%w/w perfluorosulfonic acid-PTFE 
copolymer (nafion, Alfa Aesar); ultrapure water (Merck Millipore); deionized 
water was collected through the Elga MicroMeg purified water system. Extra 
thick formvar/carbon film coated copper grids (FCCG; FCF-200-Cu, 200 
mesh, Electron Microscopy Sciences), extra thick formvar/carbon film coated 
nickel grids (FCF-200-Ni, 200 mesh, Electron Microscopy Sciences), carbon 
film coated copper grids (CCG; CF-200-Cu, 200 mesh from Electron 
Microscopy Sciences) and extra thick formvar/carbon film coated gold grids 
(FCF-200-Au, 200 mesh, Electron Microscopy Sciences). For the above three 
copper grids, the formvar layer thickness is 2030 nm, and the carbon layer 
thickness is 2550 nm. UV-Vis spectrometer (UV-2450, Shimadzu), 
transmission electron microscopy (TEM, JEM-2010, 200 kV), scanning 
electron microscopy (SEM, JSM-5600 LV), field emission-scanning electron 
microscopy (FESEM, JSM-6700F), field emission transmission electron 
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microscopy (FETEM, JEM-2100F, 200 kV) and X-ray photoelectron 
spectroscopy (XPS, AXIS-HSi, Kratos Analytical).  
5.2.2 Preparation of precursor solution  
      Solution A: 5.0 mL of deionized water, 1.0 mL of HAuCl4 (0.01 M) 
and 1.0 mL of CTAB (0.1 M) were mixed. Solution B, which is colloidal 
Ag2S solution, was prepared by mixing 0.1 mL CTAB (0.1 M), 0.1 mL Na2S 
(0.1 M) and 0.2 mL AgNO3 (0.1 M) in 10.0 mL deionized water. A portion of 
solution A is added into a portion of solution B to have the molar ratio of 
Ag2S (or S2) to HAuCl4 (R) varying from 0.2 to 4.0. The mixture was stirred 
at room temperature for at least 30 min. Afterward, the whole mixture was 
centrifuged at 6000 rpm for 25 min, and the transparent supernatant was 
obtained as the precursor solution for further use. 
5.2.3 Galvanic deposition of gold   
      There were two general ways used in this work to conduct the 
galvanic deposition of Au. One was by dropping some precursor solution on 
either side of the FCCG which was placed on a clean filter paper and dried 
naturally in open air. The amount of the precursor and on which side the 
solution was dropped showed little effect on the integrity of the gold fractal 
patterns formed. The other way was to immerse the FCCG in a 
conical-bottom centrifuge tube (maximum volume 1.5 mL) filled with a 
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proper amount of the precursor solution for a specific period of time, and 
then took it out. After washed with water and ethanol, the Au-deposited 
FCCG was dried naturally. Unless otherwise specified, the reaction 
temperature was room temperature at 23oC. Such sample-loaded FCCGs 
were observed directly by TEM, SEM and FETEM. 
5.2.4 Sample preparation for XPS analysis  
      XPS analysis was conducted using a monochromatized Al Kα exciting 
radiation (hν = 1286.71 eV) with a constant analyzer-pass-energy of 40.00 eV. 
All the binding energies (BEs) were referenced to C 1s peak (BE = 284.5 eV) 
arising from CC bonds. To analyze their chemical composition, the 
precursor solution with different R values were dropped respectively on a 
clean glass slide and dried at room temperature. This is because that the glass 
is chemically inert which will not react with the precursor solution. To 
compare resultant chemical contents of the carbonaceous side and the copper 
grid side through XPS analysis, two pieces of pristine FCCG were immersed 
in the same precursor solution simultaneously and handled exactly in the 
same way in order to get identical reaction results. The resultant two FCCGs, 
one with its carbonaceous side facing-up and the other with its copper grid 
side facing-up, were used for compositional comparison under the same XPS 
measurement conditions.    
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5.2.5 Sample preparation for SEM/FESEM analysis 
       To compare the products formed on the carbonaceous side and the 
copper grid side, two pieces of identical product-loaded FCCG were prepared 
in the same way as described in the above XPS analysis. The carbonaceous 
side of one of the two FCCGs and the copper grid side of the other were 
decorated with Pt coating, and loaded for FESEM analysis under the same 
measurement conditions.  
    Note that apart from the above reactions and characterizations for 
FCCGs, when necessary carbon film coated copper grid, formvar/carbon film 
coated nickel grid, and formvar/carbon film coated gold grid were also used 
to replace FCCG under the reaction and analysis conditions.  
5.2.6 Electrochemical applications for H2O2 sensor 
     1.0 mL of the precursor solution (R = 1.0) was transferred to a conical 
centrifuge tube with a volume 1.5 mL into which a FCCG was added and 
sink at the bottom with the copper grid side facing up. After storing the tube 
at 40C for 1.5 h, the precursor solution was removed and the 
Au-nanofractal-loaded FCCG (Au-FCCG) was washed twice with water and 
ethanol. Before attaching the Au-FCCG onto the glass carbon electrode 
(GCE), the GCE was polished with 1 μm, 0.3 μm and 0.05 μm alumina 
slurries successively on a polishing micro-cloth; the electrodes were 
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sonicated in ultrapure water for 10 s between slurries. Afterwards, the GCE 
was subjected to chemical polishing through anodization at +1.80 V (vs 
Ag/AgCl) in 0.1 M NaOH for 10 s and rinsed with ultrapure water.  
      To prepare the FCCG-GCE or Au-FCCG-GCE electrode, similarly, a 
pristine FCCG or Au-FCCG was placed on a clean filter paper with the 
copper grid side facing up; 2.0 μL of 0.5 wt% nafion aqueous solution was 
dropped on the above polished GCE. The copper grid side of FCCG or 
Au-FCCG was then adhered to the nafion covered GCE. Subsequently, the 
excess nafion solution in the edge of FCCG or Au-FCCG was removed using 
a filter paper, followed which 4.0 μL of 0.5 wt% nafion aqueous solution was 
topped on the electrode which was then dried at ambient conditions.  
    Electrochemical measurements were conducted using a 
computer-controlled potentiostat (Autolab, PGSTAT 302N) with a 
standard-three-electrode configuration. The counter and reference electrodes 
were Pt gauze and Ag/AgCl in saturated KCl, respectively. The above 
Au-FCCG-GCE or FCCG-GCE as the working electrode was firstly subjected 
to cyclic voltammetry scan within 0 to 0.4 V (vs Ag/AgCl) for 30 cycles with 
a scan rate of 50 mV/s in 10.0 mL phosphate buffer solution (PBS, pH = 7.0). 
Cyclic voltammograms without or with 2.45 mM H2O2 in PBS was obtained. 
The chronoamperometric response of the working electrode to different 
concentration of H2O2 was measured in 10.0 mL PBS (pH = 7.0) at constant 
139 
 
potential of 0.2 V (vs Ag/AgCl). For the Au-FCCG-GCE, at every ca. 2 min, 
at the early stage 10 μL of 2.0 mM H2O2 or at the later stage 100 μL of 20.0 
mM H2O2 aqueous solution was injected successively into the PBS. For the 
FCCG-GCE, at every ca. 2 min 100 μL of 2.0 mM H2O2 was injected 
successively. Note that the H2O2 solutions were freshly prepared using 
deionized water purged with N2 for 0.5 h. Baselines with steady-state-signal 
were obtained prior to injection of H2O2 and the solution was mildly 
magnetically stirred. 
5.3 Results and discussion  
5.3.1 Formation of Au nanofractals 
      Prior to galvanic deposition of Au nanofractals, preparation of the 
precursor solution is needed, which simply involves redox reaction of 
HAuCl4 and S2 at room temperature in the presence of CTAB.[25-27] The 
reaction mixture was centrifuged to get the clear supernatant. XPS (Scheme 
S5.1), UV-Vis (Scheme S5.2) and TEM (Scheme S5.3) investigation revealed 
that the chemical compositions of such supernatants vary depending on the 
initial reaction ratio of S2 to HAuCl4 (i.e., R). Supernatants prepared with R 
between 0.2 and 2.0 were used as precursor solutions for galvanic deposition 
of Au fractals, and their major active component is the complex between Au(I) 
and CTAX (X = Cl, Br), i.e., CTA+(AuX2) (see Figures S1-S5 for detailed 
analysis on the composition of precursor solution). Note that free S2 ions are 
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well known to interact strongly with many heavy metals. Hence, to avoid 
interference from free S2 ions in the following galvanic replacement 
reactions, solid Ag2S, rather than Na2S, was used as source of S2 to partially 
reduce HAuCl4, so that the resulting precursor solutions is almost free of S2 
ions (Ksp of Ag2S is 1
1051). Besides Ag2S, other oxidized sulfur species 
were also precipitated together with Ag+ ions. Consistently, XPS analysis 
confirmed that silver and sulfur species are negligible in the precursor 
solutions with R < 2.0 (Scheme S5.5). 
     Compared with many electrodeposition approaches which often 
involve tedious processing of electrode surface and optimization of the 
technical parameters, our approach is facile and highly repeatable. Simply 
casting the above precursor solution on a FCCG, fractal patterns of gold were 
obtained after drying the sample grid naturally in open air. Especially, fractals 
with high structural integrity were obtained from precursor solution with R 
values ranging from 0.6 to 2.0, and dilution of the precursor solutions with 
deionized water indicated no noticeable effect on the structural integrity of 
nanofractals. Shown in Figure 5.1a, most of fractal patterns are rather 
symmetric, with their diameters varying from micrometer to sub-micrometer 
scale (Figure 5.1b,c). Each of these fractals consists of numerous wires with 
uniform diameters of around 4.0 nm and with length as long as micrometers 
extending from the center in a radiant manner (Figure 5.1d,e,f). As a typical 
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feature of fractals, dendritic stems began emerging at different points and 
underwent repeated tip-splitting, forming a large number of Y-junctions 
projecting outward (Figure 5.1c and Scheme S5.6). Centers in most of the 
fractals are much darker (in TEM images) than their outer regions. The 
fractals are polycrystalline in nature (HRTEM; Figure 5.1g and Scheme S5.6), 
which consist of randomly oriented domains of a few nanometers in size. A 
number of lattice fringes (0.24, 0.20, and 0.14 nm) were observed which 
correspond to d111, d200 and d220 of Au. In particular, 0.24 nm was found with 
the highest statistical significance. Elemental mapping (Figure 5.1h) and XPS 
analysis (which will be presented later in Figure 5.3a) revealed that the 




Figure 5.1. Typical Au nanofractals formed on the carbonaceous side of a 
FCCG through IGR processes: (a) FESEM image, (b,c,d,e,f) TEM images, (g) 
HRTEM image at different magnifications, and (h) elemental mapping of Au.  
Au fractal patterns with comparable integrity and anisotropy could also be 













and/or using a carbon coated copper grid (CCG; see Scheme S5.7) in 
replacement of a FCCG. All of the fractals produced out of this IGR process 
are formed on the formvar/carbon film (Note that TEM cannot reveal sample 
objects residing on the copper grid), and the branches of the Au nanofractals 
exhibit a much higher level of anisotropicity than those prepared through 
aforementioned electrodeposition or DGR process whose branches usually 
range from a few hundreds of nanometer to even micrometers wide.[7, 13, 22-24] 
5. 3.2 Mechanistic study of formation of Au nanofractals  
     To understand the chemical interaction between the metal grid and 
Au(I) species in the precursor solution, in Figure 5.2, both sides of a 
precursor solution-treated FCCG, namely the carbonaceous side and the 
copper grid side, were subjected to a XPS analysis. Signals of Au were found 
on both sides of the FCCG, and they are largely present in the metallic state 
Au(0) as identified by a main peak at 83.4 eV (Figure 5.2a,c), together with 
CTAB (Scheme S5.8). Note that typical BE peaks of the Au(I) species in the 
precursor solution is 84.5 eV (Scheme S5.1a). Meanwhile, Cu(I) was also 
detected on both sides, with a Cu 2p3/2 peak at 931.8 eV (Figure 5.2b,d).[28] It 
should be mentioned that no signal of Cu species on the carbonaceous side 
could be detected when an as-received FCCG was referenced in the same 




Figure 5.2. XPS spectra of (a,c) Au 4f and (b,d) Cu 2p measured on the 
copper grid side (a,b) and on the carbonaceous side (c,d) of a FCCG treated 
with the precursor solution. The black dots/lines are the original experimental 
data and the colored peaks are calculated data. BEs shown are only for Au 
4f7/2 and Cu 2p3/2 branches; (e,f) typical SEM images of deposits formed on 
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Scheme 5.1. Illustration of configuration (side view) of and the two 
processes of a formvar/carbon film coated copper grid (FCCG). The white 
arrows indicate the flow direction of electrons, the blue spheres copper ions, 
the yellow spheres gold ions. The photographs on the right are the top-views 
on the two sides of a commercial FCCG.  
 
addition to Cu(I), one more Cu 2p3/2 peak at 934.0 eV and a satellite peak are 
observed which is a unique feature of Cu(II) species.[29] Depicted in Scheme 
5.1, the conversion of Au(I) to Au(0) and the presence of both Cu(II) and 
Cu(I) species elucidated the occurrence of galvanic reactions between Au(I) 
species and the copper grid, in which copper serves as an anodic metal. 
Consistently, SEM observation of a FCCG or CCG treated with the Au(I) 
solution revealed dense granular particles adhered on the copper grid (Figure 
5.2e,f), which verified the anodic reactivity of the copper to reduce the Au(I) 
species in this redox reaction. Evidently, shown in Scheme 5.1, the dense 
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DGR process where the Au(I) species were directly reduced and deposited on 
the surface of metallic copper grid.      
    Formation of such fine Au nanofractals on the formvar/carbon film 
(Figure 5.1) and the oxidation of copper grid (Figure 5.2) are a direct proof 
for the occurrence of an IGR process demonstrated in Scheme 5.1 where the 
two half-reactions of the overall redox reaction between Cu(0) and Au(I) 
were partitioned into two separate spaces. This is enabled by the electrically 
conductive formvar/carbon film of a FCCG (Point-contact measurement for 
this film is 0.3 Ohm; Scheme S5.9). Therefore, a galvanic cell was formed 
where the solid Cu grid works as an anode, the Au nanoclusters nucleated at 
early stage on both sides of the conducting film as starting points for cathodic 
reduction, the precursor solution as the electrolyte, and the formvar/carbon as 
a conducting medium to transport anodic electrons generated. Driven by the 
potential difference, a continuous flow of electrons from Cu(0) to the Au(I) 
through the formvar/carbon layers leads to the depositing growth of Au(0) on 
the conducting film of the FCCG. In such an IGR process, the cathodic 
reduction of Au(I) is governed by the anodic electrons within the local 
electric cells, which means that the reduction kinetics is partly dictated by the 
instantaneous local reducing potential of the micro-cathodes. Consistent with 
the IGR protocol, the self-limited growth behaviors were widely observed 
among closely neighbored nanofractals (Figure 5.3a) or among any 
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intra-branches within the same nanofractal (Figure 5.3b). All the nanofractals 
grew in a self-constraint manner (Figure 5.1a and Figure 5.3a), and within the 
same nanofractal no branches entangle with others from a different stem 
(Figure 5.3b). More interestingly, these growing fractals tended to occupy all 
possible spaces, resulting in less symmetric final structures. As exemplified 
in Figure 5.3a, the nanofractal which is surrounded by three nanofactals 
exhibits a triangle-like pattern. The hyper-branches of these Au nanofractals 
can be considered as numerous micro-cathodes which possess instantaneous 
negative electrical potential due to continuous flow of electrons generated 
from the anode oxidation. As illustrated by the red arrows in Figure 5.3a,b, at 
the boundary area of two growing nanofractals, one can expect (i) 
instantaneous electrostatic repulsive forces between the two neighbors, and 
(ii) competition between the two neighbors toward Au(I) supply. Dominated 
by such Coulomb repulsion, similarly, it seemed to be prohibitive for the 
hyper-branches within the same fractal to join each other. Due to rapid 
consumption of the Au(I) species, in the vacant area between two close 





Figure 5.3. Typical self-limiting behaviors (a) among neighboring 
nanofractals or (b) among the branches within a nanofractal. 
    Interestingly, as depicted in Figure 5.4c, we found that under all our 
studied conditions, no matter whether a FCCG or a CCG was used, the Au 
nanofractals were exclusively formed on the carbonaceous side (Figure 5.1 
for the FCCG case and Figure 5.4a for the CCG case), i.e., the interface 3 
depicted in Figure 5.4e,f. However, shown in Figure 5.4d, on the copper grid 
side, i.e., the interface 1 or 2 in Figure 5.4e,f, only irregular or granular 
aggregates were formed (see Figure 5.6e later for the FCCG case and Figure 
5.2e,f and Figure 5.4b for CCG). One can expect that, illustrated in Figure 
5.4e,f, due to the internal resistance of the conducting film and the unique 
configuration of the FCCG/CCG, from interface 1 to interface 2 and then to 
interface 3 it will have decreasing instantaneous reducing potential during the 
reaction, despite the same external chemical environments at the two sides of 
the FCCG or CCG. Since higher reducing potential normally results in fast 
reduction of cathodic ions, we can deduce that the formation of Au 
a b
600 nm 50 nm
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nanofractals on the interface 3 likely is favored by slow redox kinetics in IGR 
process. 
     The preparation of Au(I) species with relatively low standard oxidative 
potentials also contributes to successful control over the reduction kinetics and 
thus the formation of such hyperbranched Au nanofractals. For a comparison, 
different gold ionic species were used as precursor solutions. In Figure 5.5a-c, 




Figure 5.4. (a,b) SEM images and (c,d) schematic depiction  of (a,c) Au 
nanofractals formed on the carbonaceous side and (b,d) granular particle 
aggregates formed at the copper grid side of a CCG. Insert in (a) is the TEM 
image of a Au nanofractal in (c); (e,f) different interfaces and flow direction of 
anodic electrons within a (e) FCCG and (f) CCG when treated with the 
precursor solution. The white arrows denote the flow direction of electrons. 
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granular particles for the case of HAuCl4 (Figure 5.5a), large flattened petals 
for the case of mixture of HAuCl4 and CTAB[4] (Figure 5.5b), and the 
hyperbranched nanofractals for the case of Au(I) (Figure 5.1 and Figure 5.5c). 
Accordingly, the oxidation potentials of these precursor solutions can be 
ranked as: HAuCl4 aqueous solution > mixture solution of HAuCl4 and 
CTAB > Au(I). Moreover, the metal grids with different reducing potentials 
to react with the Au(I) species give a similar trend. When a formvar/carbon 
coated nickel grid was used, circular fractal patterns with lower local 
anisotropy and structural integrity than those prepared by FCCG/CCG were 
resulted (Figure 5.5d and Scheme S5.10). It is understandable that nickel has 
a much lower standard electrode potential (Eo (Ni2+/Ni0) = 0.27 V) than 
copper (Eo (Cu2+/Cu0) = 0.34 V and Eo (Cu+/Cu0) = 0.16 V) and it can be 
oxidized more easily by Au(I) (Eo (Au+/Au0 = 1.68 V). Note that no fractals 
can be formed when a formvar/carbon coated gold grid was used, because 
thermodynamically the gold grid is too inert to be oxidized by the Au(I). The 
formation of Au nanofractals with high local anisotropicity favored by slow 
reduction kinetics could be understood by the flow of the anodic electrons 
within the local cell. According to the "protruding effect", the electron 
density is higher (thus a more negative potential) at the protruding part than 
the rest parts of an anisotropic nanostructure,[30, 31] e.g., at the tips of 






Figure 5.5. Cathodic deposits formed through IGR processes when a FCCG 
reacted with (a) 0.1 M HAuCl4 aqueous solution, (b) the mixture solution of 
HAuCl4 and CTAB with a molar ratio of 1:2, (c) the precursor solution 
containing Au (I) species, and (d) a formvar/carbon film coated nickel grid 
was used to react with the precursor solution containing Au(I) species. 
    
Hence, at a threshold point, the local field potential at the tips of 
nano-branches is more negative than other locations of the same branches. As 
such, reduction of Au(I) and deposition of Au(0) will preferentially occur at 
the tip regions, leading to the propagation of the nano-branches without 
altering their diameters much. Nonetheless, when the electron density is so 
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high that the reducing potentials at both the tips and other parts of the 
branches are also more negative than the required reducing potential of Au(I) 
species, the reduction and deposition of Au(0) will occur in a less selective 
manner, resulting in structures with lower or no anisotropy.  
    In this sense, we attribute the formation of Au nanofratals with high 
local anisotropicity and structural integrity to "softer" and slower reduction of 
Au(I). The usage of the IGR experimental setting with inherent electrical 
resistance and Au(I) species with relatively low oxidative potential enabled 
the realization of slow reduction kinetics. This significantly differentiates our 
Au nanofractals with much finer branches from those produced through 
electrodeposition and/or DGR process.[22-24]  
5.3.3 Controls over the density, formation position and 
micro-features of Au nanofractals  
     Understanding the formation mechanism of Au nanofractals within an 
IGR setting enables control over the deposition density, the deposition 
location and the local features of thus-formed Au nanofractals. First, the 
macroscopic chemical and physical environments at the two sides of an IGR 
system can be differentiated deliberately. As a simple demonstration, a FCCG 
is positioned at the bottom in a cone-shaped container filled with the precursor 
solution, with either the carbonaceous side facing up (Figure 5.6a) or the 
copper grid side facing up (Figure 5.6b). As shown, with the reaction 
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proceeding on, the Au(I) at the vicinity of FCCG will be consumed, thus the 
side facing down will suffer from shortage of Au(I) species due to confined 
space and constraints of ion diffusion across the FCCG. Nonetheless, the side 
facing up will experience affluent Au(I) species due to the continuous 
diffusion of the Au(I) species from the adequate bulk solution driven by the 
concentration difference. As a result, most electrons will be directed to the 
side facing up where they are consumed readily by Au(I) species, whereas the 
flow of electrons to the side facing down is disfavored since electrons would 
accumulate on the surface due to lack of electron acceptors (Figure 5.6a,b). As 
such, the deposition of Au(0) on the side facing up would be always more 
favorable, which enable control over the growth density of the Au nanofractals. 
The efficiency of such a strategy was well confirmed by our experiments. 
When the carbonaceous side was faced up (Figure 5.6a), dense fractal patterns 
were formed covering the entire carbonaceous side (as shown in Figure 
5.6c,d). However, when the copper grid side was placed upward (Figure 5.6b), 
on the carbonaceous side only sparse fractal patterns were formed (Figure 5.6f) 
whereas dense granular particle aggregates were formed on the copper grid 
side (Figure 5.6e). Such comparative cathodic depositions at differentiated 
reaction environments were also confirmed using a CCG (Scheme S5.11). 
Note that the deposition on either side of the film can be easily terminated by 
washing the FCCG (or CCG) with a mixture of deionized water and ethanol 
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immediately after they were taken out of the precursor solution. Furthermore, 
when a FCCG was treated according to the setting in Figure 5.6b, occasionally, 
selected deposition of gold can be achieved, as observed in Figure 5.7a,b. 
Depicted in Figure 5.7c, region 2' in the formvar layer or region 2 in the 
carbonaceous layer is the area in contact with the copper grid underneath; they 
bridge the copper grid (region 1) with other parts of the conducting films 
(regions 3' and 3). In the setting of Figure 5.7c, any generated electrons from 
region 1 would flow via region 2' to region 2 in the carbonaceous layer. 
Electrons arriving at region 2 would either react with Au(I) species or flow to 
region 3. Therefore, with limited Au(I) species at the carbonaceous side 
(Figure 5.6b), between the two locations, i.e., regions 2 and 3, Au(I) ions 
would preferably deposit at region 2, resulting in the pattern depicted in 
Figure 5.7d. The observation of such patterns is direct evidence reflecting the 




Figure 5.6. A FCCG is positioned in a cone-shaped container filled with the 
precursor solution: (a) the copper grid side of a FCCG faces down while the 
carbonaceous side faces up, (b) the copper grid side of a FCCG faces up 
while the carbonaceous side faces down, (c) SEM image and (d) TEM image 
of dense Au nanofractals formed on carbonaceous side in the case (a), (e) 
SEM image of dense granular particle aggregates formed on the copper grid 
side, and (f) sparse Au fractals formed on the carbonaceous side in the case 
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Figure 5.7. (a,b) SEM images with different magnifications of a pattern of 
Au nanofractals formed on the carbonaceous side of a FCCG which was 
treated according to Figure 5.7b; (c) schematic depiction of different regions 
within the conducting films of a FCCG (red arrows denote diffusion direction 
of Au(I) species); and (d) schematic depiction of a pattern of Au nanofractals 
formed on the carbonaceous side. 
 
     Moreover, the local features of the Au nanofractal could be modulated 
by adjusting the recipe of the precursor solution. In our precursor solution 
CTAX (X = Br or Cl) is essential to ensure a fine fractal growth, as it slows 
down the redox reaction between the Au(I) and Cu(0) effectively by forming 
complexes with Au(I).[33] It may also serve as a transporting electrolyte to 
connect the cathode and the anode externally in bulk solution. Besides, they 
could contribute to the morphological control of nanowires in the fractal 
pattern by selectively adsorbing on specific facets of Au.[34] In fact, belt-like 

































amount of additional CTAB was added to the original precursor solution 
(Figure 5.8a,b,c). In almost all of the fractal patterns we studied, the shapes 
of branches (Figure 5.1e), while extending from its center outward to their 
terminal points, changed from a wire-like (Figure 5.1f and Figure 5.8a) to a 
belt-like crystal morphology (Figure 5.1e,g) which is similar to the branches 
prepared using high CTAB concentrations (Figure 5.8b,c). Such a 
phenomenon implies that the center (black spots in TEM images) of each 
individual fractal pattern is indeed a starting point, and their higher ordered 
branches are simply projected from this center in all 360o. For example, when 
the precursor solution was just dropped on a FCCG, the local concentration 
of CTAB was equal to that of the pristine precursor solution and nanowires 
were formed through kinetically controlled reduction of Au(I) to Au(0). With 
the reaction proceeding on, however, consumption of (AuX2) and 
evaporation of solvent would both increase the concentration of CTAB. As a 
result, local concentration of CTAB would increase starting from the central 
point and reach a higher level at the terminating stage of fractal growth. This 
explains why the morphology of the branches at the peripheral areas 




Figure 5.8. Different gold fractals formed from mixtures of 1.0 ml of the 
precursor solution with: (a) 0 μL, (b) 50 μL, (c) 100 μL of 0.1 M CTAB 
solution, (d) 1.0 mL of methanol, (e) 1.0 mL of ethanol and (f) 0.5 mL of 
acetone.  
 
     By modifying the solubility of CTAB in the solvent, the local features 
of fractal patterns could be tuned. When methanol was added into the 













pattern still existed. However, each main stem seems to become a porous 
network formed by numerous interconnected short-segmented wires (Figure 
5.8d). Mixing 1.0 mL of ethanol with 1.0 mL of the precursor solution, 
snowflake patterns were produced and their branches consist of many 
irregular crystal aggregates (Figure 5.8e and Scheme S5.12). When less 
ethanol was added (i.e., 0.5 mL) into 1.0 mL of the precursor solution, the 
patterns produced were similar to those produced using methanol. On the 
other hand, when 0.5 mL of acetone was added into the 1.0 mL of the 
precursor solution, ultra-fine fractal patterns were observed (Figure 5.8f). 
Because solubility of CTAB in methanol or ethanol is much higher than that 
in water and acetone, the addition of methanol or ethanol increases the 
solubility of CTAB in the solvent, which can influence the fractal formation 
in the following two aspects. Firstly, it leads to the dissociation and release of 
Au(I) from the complex of CTA+(AuX2), speeding up the rate of galvanic 
reaction between the Au(I) and Cu(0). Secondly, the methanol or ethanol 
solvent weakens the capping effect of CTAB toward the gold nanofractals, 
since more CTAB molecules were dissolved in the solvent. Hence, instead of 
long and branchy nanowires, connected wires or larger crystal aggregates 
were formed depending on the amount of methanol or ethanol added. 
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5.3.4 Electrochemical applications for H2O2 sensor   
       As the hyperbranched Au nanofractals with these fine polycrystalline 
Au nanowires are formed in-situ on the conducting film supported on a metal 
grid, the whole setting is highly conductive, which therefore provides a 
convenient platform for construction of electronic devices such as sensors. 
Herein, as a demonstration, a Au-FCCG-GCE with constructed, with the 
copper grid side in direct contact with the GCE and the carbonaceous side 
exposed to the solution, as shown in Figure 5.9b. As the FCCG and GCE 
have the same diameter of 3 mm, they overlap perfectly with each other. CVs 
of the two electrodes in the absence and presence of H2O2 were obtained 
within 0.0 to 0.4 V (vs Ag/AgCl, similarly thereafter). For the FCCG-GCE, 
there is no anodic peak in the backward scans of the CV both in the absence 
and the presence of H2O2 (curves 1, 2 and the inset (expansion view of I) in 
Figure 5.9c). It indicates no occurrence of electrooxidation of the copper 
since the anodic peak for electrooxidation of copper in PBS at pH = 7.0 
generally occurs at around 0.0 V.[35] Such a result is because that, covered by 
a thick layer of formvar/carbon layer, the copper grid sealed in the nafion 
network is not directly accessible to the solution, which largely slows down 
or even prevents it from oxidation. Nevertheless, interestingly, the 
FCCG-GCE demonstrated some catalytic effect towards reduction of H2O2, 
as the reduction current I is evidently enhanced in the presence of 2.45 mM 
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H2O2 (curve 2 in Figure 5.9c) compared with those in the absence of H2O2 
(curve 1 in Figure 5.9c). 
    
 
Figure 5.9. (a) Au nanofractals formed for H2O2 sensing; (b) Photos of (i) a 
bare GCE, (ii) a FCCG-GCE and (iii) a Au-FCCG-GCE; (c) CVs of (1, 2 and 
the insert) the FCCG-GCE and (3, 4) the Au-FCCG-GCE in (1, 3) the 
absence and (2, 4) presence of 2.45 mM H2O2; (d) chronoamperometric 
responses of the Au-FCCG-GCE (the purple curve) and the FCCG-GCE (the 
orange curve and the orange inset) to successive additions of H2O2 at 0.2 V. 
The purple inset details the segment of the curve framed with a rectangle; (e,f) 
plots of electrocatalytic current (I) vs H2O2 concentration (CH2O2) for (e) the 
Au-FCCG-GCE and (f) the FCCG-GCE electrodes.    
 
      The CVs of the Au-FCCG-GCE (curves 3, 4 in Figure 5.9c) are 










at 0.165 was observed in the CV without addition of H2O2 in the PBS (curve 
3 in Figure 5.9c), which should be assigned to the reduction of Cu2O/CuO.[35, 
36] In the presence of 2.45 mM H2O2, the CV pattern (curve 4 in Figure 5.9c) 
changes significantly where the reduction current is greatly enhanced 
compared with the case without H2O2, and no defined cathodic or anodic 
peaks are observed, which is similar to those given by Au-based H2O2 
sensors,[37] but is different from those from the Cu2O/CuO-based ones.[36, 38] 
We attribute the significantly enhanced electrocatalytic activity of 
Au-FCCG-GCE mainly to the presence of the surface Au nanofractals, 
considering that the Cu2O/CuO aggregates formed during the preparation of 
Au-FCCG mainly locate on the copper grid side which, as discussed 
previously, cannot be accessed directly by the reactant solute. Notably, the 
intensity of the reduction current obtained by the Au-FCCG-GCE is much 
higher than that of the FCCG-GCE under the same operating conditions (i.e., 
at the same voltage and the same H2O2 concentration). For instance, at 0.2 V, 
the reduction current in the forward scan for the Au-FCCG-GCE is 9.2 times 
that of the FCCG-GCE. Such results clearly verified the important role of the 
presence of the Au nanofractals in the Au-FCCG-GCE. 
     The chronoamperometric responses of the above two electrodes to 
successive additions of H2O2 are shown in Figure 5.10d. The FCCG-GCE 
responds rapidly to the addition of H2O2 up to a concentration of 0.23 mM. 
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The linear range of FCCG-GCE ranges from 21.7 μM to 0.23 mM (Figure 
5.9f) with a correlation coefficient of 0.9953 (n = 13) and the sensitivity of 
the FCCG-GCE is 278.8 μM1cm2. In general, the Au-FCCG-GCE behaves 
quite differently from the FCCG-GCE. It responds rapidly and achieves 
steady-state current in less than 8 s to successive additions of H2O2 up to a 
concentration of 2.3 mM H2O2 (the purple curve in Figure 5.9d). Shown in 
Figure 5.9e, a wide linear range was obtained ranging from 2.0 μM to 2.3 
mM with a correlation coefficient of 0.9974 (n = 22). The sensitivity is 259 
μM1cm2 and the detection limit is 0.156 μM at the signal-to-noise of 3. 
Such an overall performance is comparable or even outperforms many Au 
and/or Cu-based composite electrochemical sensors reported in literature.[35, 
37, 39, 40] As an “inert” noble metal, the catalytic activity of Au-based 
nanocatalysts closely relate with their sizes. The high electrocatalytic activity 
of our Au-FCCG-GGCE toward the reduction of H2O2 firstly associates with 
the ultrasmall diameter and polycrystalline nature of the Au nanobranches 
within the nanofractals. Secondly, one can expect that numerous tiny 
integrated wires in the in-situ formed Au nanofractals must have a higher 
electrical conductivity compared with those less connected Au nanoparticles. 
And thirdly, as there is no overlap among the Au nanofractals, compared with 
paste-based sensing electrodes, the thoroughly exposed surfaces of Au 
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nanofractals can be accessed easily with a low diffusion barrier by the analyte 
molecules. 
5.4 Conclusions 
      In summary, two-dimensional Au nanofractals with branches as fine 
as 4.0 nm in diameter and lengths as long as micrometers have been 
successfully realized via an IGR strategy in which the cathodic and anodic 
reactions are separated in space by a conducting film. The successful 
formation of such fine Au nanofractals relies on usage of an IGR setting with 
inherent electrical resistance in the conducting film and Au(I) species with a 
relatively low standard oxidation potential, which enables the realization of 
slow reduction kinetics. With this approach, the growth density, the 
deposition location, and local features of the as-formed gold nanofractals can 
also be modulated, further illustrating good control over the reduction 
kinetics and thus the morphology of product. The work contributes to both 
fabrication of fine metal fractal structures and mechanistic investigations of 
interfacial galvanic replacement reactions. Au nanofractals grown on FCCG 
have also been employed for fabrication of electrochemical sensors which 
demonstrate excellent performance in sensing H2O2 with a relatively wide 






[1] M. Tokuyama, K. Kawasaki, Fractal dimensions for diffusion-limited 
aggregation, Phys. Lett. A, 100 (1984) 337-340. 
[2] J. Nittman, G. Daccord, M. Stanley, Fractal growth of viscous ﬁngers: 
quantitative characterization of a ﬂuid instability phenomenon, Nature, 314 
(1985) 391. 
[3] T. Witten Jr, L.M. Sander, Diffusion-limited aggregation, a kinetic critical 
phenomenon, Phys. Rev. Lett., 47 (1981) 1400. 
[4] X. Bai, L. Zheng, A facile synthesis of two-dimensional dendritic gold 
nanostructures at the air/water interface, Cryst. Growth Des., 10 (2010) 
4701-4705. 
[5] M. Pan, H. Sun, J.W. Lim, S.R. Bakaul, Y. Zeng, S. Xing, T. Wu, Q. Yan, 
H. Chen, Seeded growth of two-dimensional dendritic gold nanostructures, 
Chem. Commun., 48 (2012) 1440-1442. 
[6] Y. Qin, Y. Song, N. Sun, N. Zhao, M. Li, L. Qi, Ionic liquid-assisted 
growth of single-crystalline dendritic gold nanostructures with a three-fold 
symmetry, Chem. Mater., 20 (2008) 3965-3972. 
[7] X. Han, D. Wang, J. Huang, D. Liu, T. You, Ultrafast growth of dendritic 
gold nanostructures and their applications in methanol electro-oxidation and 
surface-enhanced Raman scattering, J. Colloid Interface Sci., 354 (2011) 
577-584. 
[8] M.-E. Meyre, O. Lambert, C. Faure, Gold fractal structures spontaneously 
grown in sheared lamellar phase, J. Mater. Chem., 16 (2006) 3552-3557. 
[9] Y. Zhou, H. Wang, W. Lin, L. Lin, Y. Gao, F. Yang, M. Du, W. Fang, J. 
Huang, D. Sun, Quantitative nucleation and growth kinetics of gold 
nanoparticles via model-assisted dynamic spectroscopic approach, J. Colloid 
Interface Sci., 407 (2013) 8-16. 
[10] X. Lu, M.S. Yavuz, H.-Y. Tuan, B.A. Korgel, Y. Xia, Ultrathin gold 
nanowires can be obtained by reducing polymeric strands of oleylamine− 
AuCl complexes formed via aurophilic interaction, J. Amer. Chem. Soc., 130 
(2008) 8900-8901. 
[11] X. Liu, N. Wu, B.H. Wunsch, R.J. Barsotti, F. Stellacci, 
Shape-Controlled Growth of Micrometer-Sized Gold Crystals by a Slow 
Reduction Method, Small, 2 (2006) 1046-1050. 
[12] T. Huang, F. Meng, L. Qi, Controlled synthesis of dendritic gold 
nanostructures assisted by supramolecular complexes of surfactant with 
cyclodextrin, Langmuir, 26 (2009) 7582-7589. 
[13] J. Liu, Y. Fu, A. Guo, C. Wang, R. Huang, X. Zhang, Growth of gold 
fractal nanostructures by electrochemical deposition in organic electrolytes: 
morphologies and their transitions, J. Phys. Chem. C, 112 (2008) 4242-4247. 
167 
 
[14] J.-J. Feng, A.-Q. Li, Z. Lei, A.-J. Wang, Low-potential synthesis of 
“clean” Au nanodendrites and their high performance toward ethanol 
oxidation, ACS Appl. Mater. & Interfaces, 4 (2012) 2570-2576. 
[15] J. Huang, X. Han, D. Wang, D. Liu, T. You, Facile Synthesis of 
Dendritic Gold Nanostructures with Hyperbranched Architectures and Their 
Electrocatalytic Activity toward Ethanol Oxidation, ACS Appl. Mater. 
Interfaces, 5 (2013) 9148-9154. 
[16] J. Fang, X. Ma, H. Cai, X. Song, B. Ding, Nanoparticle-aggregated 3D 
monocrystalline gold dendritic nanostructures, Nanotechnology, 17 (2006) 
5841. 
[17] L. Vazquez, R. Salvarezza, P. Ocón, P. Herrasti, J. Vara, A. Arvia, 
Self-affine fractal electrodeposited gold surfaces: Characterization by 
scanning tunneling microscopy, Phys. Rev. E, 49 (1994) 1507. 
[18] H. Zhang, M. Jin, J. Wang, W. Li, P.H. Camargo, M.J. Kim, D. Yang, Z. 
Xie, Y. Xia, Synthesis of Pd− Pt bimetallic nanocrystals with a concave 
structure through a bromide-induced galvanic replacement reaction, J. Am. 
Chem. Soc., 133 (2011) 6078-6089. 
[19] K.W. Kim, S.M. Kim, S. Choi, J. Kim, I.S. Lee, Electroless Pt 
deposition on Mn3O4 nanoparticles via the galvanic replacement process: 
electrocatalytic nanocomposite with enhanced performance for oxygen 
reduction reaction, ACS nano, 6 (2012) 5122-5129. 
[20] Y. Sun, Y. Xia, Mechanistic study on the replacement reaction between 
silver nanostructures and chloroauric acid in aqueous medium, J. Am. Chem. 
Soc., 126 (2004) 3892-3901. 
[21] M.H. Oh, T. Yu, S.-H. Yu, B. Lim, K.-T. Ko, M.-G. Willinger, D.-H. Seo, 
B.H. Kim, M.G. Cho, J.-H. Park, Galvanic replacement reactions in metal 
oxide nanocrystals, Science, 340 (2013) 964-968. 
[22] X. Chen, C.H. Cui, Z. Guo, J.H. Liu, X.J. Huang, S.H. Yu, Unique 
Heterogeneous Silver–Copper Dendrites with a Trace Amount of Uniformly 
Distributed Elemental Cu and Their Enhanced SERS Properties, Small, 7 
(2011) 858-863. 
[23] A. Gutés, C. Carraro, R. Maboudian, Silver dendrites from galvanic 
displacement on commercial aluminum foil as an effective SERS substrate, J. 
Am. Chem. Soc., 132 (2010) 1476-1477. 
[24] R. Liu, A. Sen, Unified synthetic approach to silver nanostructures by 
galvanic displacement reaction on copper: from nanobelts to nanoshells, 
Chem. Mater., 24 (2011) 48-54. 
[25] Y. Mikhlin, M. Likhatski, A. Karacharov, V. Zaikovski, A. Krylov, 
Formation of gold and gold sulfide nanoparticles and mesoscale intermediate 
structures in the reactions of aqueous HAuCl4 with sulfide and citrate ions, 
Phys. Chem. Chem. Phys., 11 (2009) 5445-5454. 
[26] C.L. Kuo, M.H. Huang, Hydrothermal synthesis of free-floating Au2S 
nanoparticle superstructures, J. Phys. Chem. C, 112 (2008) 11661-11666. 
168 
 
[27] A. Schwartzberg, C. Grant, T. Van Buuren, J. Zhang, Reduction of 
HAuCl4 by Na2S revisited: the case for Au nanoparticle aggregates and 
against Au2S/Au core/shell particles, J.  Phys. Chem. C, 111 (2007) 
8892-8901. 
[28] K.X. Yao, X.M. Yin, T.H. Wang, H.C. Zeng, Synthesis, self-assembly, 
disassembly, and reassembly of two types of Cu2O nanocrystals unifaceted 
with {001} or {110} planes, J. Am. Chem. Soc., 132 (2010) 6131-6144. 
[29] G. Khattak, A. Mekki, L. Wenger, Local structure and redox state of 
copper in tellurite glasses, J. Non-Cryst. Solids, 337 (2004) 174-181. 
[30] K.X. Yao, X. Liu, L. Zhao, H.C. Zeng, Y. Han, Site-specific growth of 
Au particles on ZnO nanopyramids under ultraviolet illumination, Nanoscale, 
3 (2011) 4195-4200. 
[31] M. Pang, J. Hu, H.C. Zeng, Synthesis, morphological control, and 
antibacterial properties of hollow/solid Ag2S/Ag heterodimers, J. Am. Chem. 
Soc., 132 (2010) 10771-10785. 
[32] G.S. Bocharov, A.V. Eletskii, Theory of Carbon Nanotube (CNT)-Based 
Electron Field Emitters, Nanomaterials, 3 (2013) 393-442. 
[33] J. Pérez-Juste, L. Liz-Marzan, S. Carnie, D.Y. Chan, P. Mulvaney, 
Electric-field-directed growth of gold nanorods in aqueous surfactant 
solutions, Adv. Funct. Mater., 14 (2004) 571-579. 
[34] M. Liu, P. Guyot-Sionnest, Mechanism of silver (I)-assisted growth of 
gold nanorods and bipyramids, J. Phys. Chem. B, 109 (2005) 22192-22200. 
[35] S.A. Kumar, P.-H. Lo, S.-M. Chen, Electrochemical analysis of H2O2 
and nitrite using copper nanoparticles/poly (o-phenylenediamine) film 
modified glassy carbon electrode, J. Electrochem. Soc., 156 (2009) 
E118-E123. 
[36] L. Zhang, H. Li, Y. Ni, J. Li, K. Liao, G. Zhao, Porous cuprous oxide 
microcubes for non-enzymatic amperometric hydrogen peroxide and glucose 
sensing, Electrochem. Commun., 11 (2009) 812-815. 
[37] J. Jia, B. Wang, A. Wu, G. Cheng, Z. Li, S. Dong, A method to construct 
a third-generation horseradish peroxidase biosensor: self-assembling gold 
nanoparticles to three-dimensional sol-gel network, Anal. Chem., 74 (2002) 
2217-2223. 
[38] S. Li, Y. Zheng, G.W. Qin, Y. Ren, W. Pei, L. Zuo, Enzyme-free 
amperometric sensing of hydrogen peroxide and glucose at a hierarchical Cu 
2 O modified electrode, Talanta, 85 (2011) 1260-1264. 
[39] J. Zhang, M. Oyama, A hydrogen peroxide sensor based on the 
peroxidase activity of hemoglobin immobilized on gold 
nanoparticles-modified ITO electrode, Electrochimica acta, 50 (2004) 85-90. 
[40] Y. Fang, S. Guo, C. Zhu, Y. Zhai, E. Wang, Self-assembly of cationic 
polyelectrolyte-functionalized graphene nanosheets and gold nanoparticles: a 
two-dimensional heterostructure for hydrogen peroxide sensing, Langmuir, 
26 (2010) 11277-11282. 
169 
 
Chapter 6. Alumina-Supported Metal Catalysts 
inside a Mesoporous Aluminum-Silicate Shell: 
Nanoscale Reactors Prepared through 
Transformation of MIL-96(Al) Nanocrystals 
 
6.1 Introduction 
    Along with the rapid development of nanotechnology, nanocatalysts, 
especially the supported nanocatalysts,[1, 2] have been extensively 
investigated.[3] Nevertheless, maintaining the stability of the nanocatalysts is 
crucial, as their active components which range from several to a few tens of 
nanometers are susceptible to impacts of high temperature, extreme pH values, 
high ionic strength and/or high pressure during catalytic reactions.[3] For 
instance, the sintering of active nanoparticles (NPs) can occur, which is 
disastrous for deactivation of catalysts. Though the surface capping often 
serves as a way to solve this problem, it is a compromise between the 
reactivity and the stability of nanocatalysts. Alternatively, another effective 
strategy is to cap the NPs individually within a shell of micro- or mesoporous 
inert material. Protecting the active NPs separately within a hollow cavity, one 
can alleviate or even prevent the fusion or detachment of NPs from the 
support.[4-8] On the other hand, micro- or mesoporous shells which have 
accessible interiors could be used as nanoscale reactors when integrated with 
active components.[9] The number of the active NPs within each nanoreactor 
varies depending on the design and the preparative methodology.[10] Most 
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often there is only a single active NP within the central space of the 
nanoreactor by coating the NP with a layer of SiO2 or metal oxides (e.g., 
TiO2).[6, 11-14] Multiple catalytic NPs could also be included in such a shell by 
coating a porous layer of SiO2 on a carbon or polystyrene sphere on which 
many active NPs are predeposited and subsequently removing the solid core.[4, 
15-17] Nanoreactors could also be constructed by loading catalytic NPs into a 
hollow shell or a core-shell rattle structure.[5, 9, 13, 18] As can be seen, the 
interiors of those existing nanoreactors are either hollow or have a single solid 
core. Without an efficient internal catalyst support, the interior spaces could 
not be fully utilized for hosting active components, and the aggregation is 
unavoidable for multiple active NPs accommodated inside the nanoreactors.  
    Since alumina is an important catalyst carrier in catalysis,[19, 20] in this 
work, we developed a synthetic strategy to make alumina-supported 
nanoreactors. Starting from bicone-shaped nanocrystals of Al-based metal 
organic framework MIL-96(Al), as illustrated in Scheme 6.1a-d, a thin shell of 
mesoporous aluminum silicate (mAl-silicate) housing the interior Al2O3 
nanosheet support is firstly synthesized. Multiple active NPs such as Pt, Pd or 
other transition metals such as Cu, Zn, and Co are then introduced onto the 
surfaces of the Al2O3 nanosheets in the forms of metallic or metal oxide NPs 
(Scheme 6.1e). With this device configuration, not only the protecting shell, 
but also the supporting Al2O3 nanosheets could accommodate and stabilize a 
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Scheme 6.1. Process flowchart of this work: (a,b,c,d) stepwise synthesis of 
Al2O3@mAl-silicate, (e) introduction of multiple catalytic NPs into Al2O3 
nanosheets and formation of NPs/Al2O3@mAl-silicate nanoreactors, and (f) 
the NPs/Al2O3@ mAl-silicate after reused in Suzuki coupling reaction for 11 
times.   
6.2 Experimental section   
6.2.1 Materials and chemicals  
  Trimesic acid (95%), polyvinylpyrrolidone (k30, PVP), tetraethyl 
orthosilicate (TEOS, 99%), K2PtCl4 (98%), PdCl2 (̱99.9%), 
4-bromoacetophenone (98%), 4-bromoanisole (̱99%), 4-bromotolune (98%), 










a) MIL-96(Al)b) Transient structurec) AlOOH@Al-Silicate
d) Al2O3@mAl-Silicate e) NPs@Al2O3@mAl-Silicate f) after 11 recycles
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Cu(NO3)23H2O (̱98%), Zn(NO3)26H2O (98%) were from Sigma Aldrich; 
urea (>99%), phenylboronic acid (>98%), n-dodecane (̱99%) were from 
Alfa Aesar; Al(NO3)39H2O (̱95%), concentrated HNO3 (65%), methanol 
(analytic grade), ethanol (analytic grade), acetone (analytic grade) were from 
Merck; deionized water was collected through the Elga MicroMeg purified 
water system. 
6.2.2 Synthesis of MIL-96(Al) nanocrystals 
   230 mg of Al(NO3)39H2O, 80 mg of trimesic acid and 510 mg of PVP in 
15.0 mL of ethanol and acetone mixture (with different volume ratios) was 
mixed with 1.0 mL of HNO3 (32.5%) and 3.0 mL of deionized water. The 
overall mixture was then transferred to a Teflon-lined autoclave which was 
kept at 150-180oC for 45 h. Thus-resulting precipitate was washed four times 
with ethanol and dried for further use. 
6.2.3 Synthesis of Al2O3@mAl-silicate  
   10 mg of MIL-96(Al) nanocrystals and 25 mg of urea were well mixed in 
10.0 mL of methanol and 5.0 mL of deionized water, followed by addition of 
50 μL of ethanol solution of TEOS (volume ratio 1:1). The mixture was then 
transferred to a Teflon-lined autoclave which was kept at 150oC for 15 h. After 
being washed with ethanol, the resulting precipitate was mixed with 30 mg of 
urea in 10.0 mL of deionized water. Subsequently the mixture was transferred 
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to a Teflon-lined autoclave again which was kept at 150oC for 15 h to give 
AlOOH@Al-silicate. This product structure was calcined at 650oC in Ar for 2 
h and then in air for another 2 h to give the Al2O3@mAl-silicate. 
6.2.4 Loading Al2O3@mAl-silicate with active NPs  
    To integrate the active metal or metal oxide components onto the interior 
Al2O3 nanosheets of the Al2O3@mAl-silicate, in general, 30~50 μL of 
precursor solution of the corresponding metals was added into every 5 mg of 
the Al2O3@mAl-silicate, which was then sonicated for 1.0 h to get a 
homogeneous paste. After dried at 100oC for 2 h, the mixture was calcined in 
air at 350oC for 2 h with a ramping rate of 2oC/min. The catalytic NPs in the 
nanoreactors could be reduced to their metallic state in H2 at 200oC for 3 h 
with a ramping rate of 2oC/min. 
   To load CuO/ZnO NPs into the Al2O3@mAl-silicate, an aqueous mixture 
of Cu(NO3)2 (0.1 ~ 0.5 M), Zn(NO3)2 (0.05 ~ 0.1 M) and ethylenediamine 
(0.24 ~1.2 M) was used as the precursor solution. 
   To load Co3O4 NPs into the Al2O3@mAl-silicate, aqueous solution of 
Co(NO3)2 (0.1~0.5 M) and EDA (0.2~1.0 M ) was used as the precursor 
solution. 
   To load the Pt or Pd NPs into the Al2O3@mAl-silicate, aqueous solution of 




6.2.5 Catalytic activity and stability test  
   The Suzuki coupling reaction was selected as model reaction. To test the 
activity of our Pd/Al2O3@mAl-silicate nanocomposite, ethanol (10.0 mL), aryl 
halide (0.5 mM), phenylboronic acid (1 mM), K2CO3 (2 mM), n-dodecane (as 
an internal standard; 0.5 mM), and 5 mg of Pd/Al2O3@mAl-silicate 
nanoreactors with 2.65% Pd loading was mixed and magnetically stirred in a 
glass reactor at 85oC. The mixture was then centrifuged at 6000 rpm for 8 min 
to separate the catalyst (i.e., “nanoreactors” in the present case). The 
supernatant was analyzed by GC (Agilent-HP capillary column, Helium as 
carrier gas, initial temperature 70oC, final temperature 280oC, ramping rate 
20oC/min, FID temperature 300oC) to calculate the yield.   
   To test the stability of Pd/Al2O3@mAl-silicate nanoreactors, ethanol (10.0 
mL), idobenzene (0.5 mM), phenylboronic acid (1 mM), fine K2CO3 (2 mM), 
n-dodecane (as an internal standard; 0.5 mM) and 16 mg of 
Pd/Al2O3@mAl-silicate nanoreactors with 2.0% Pd loading was mixed and 
magnetically stirred in a glass reactor at 85oC for 25 min. The mixture was 
then centrifuged at 6000 rpm for 8 min to separate the catalyst. The 
supernatant was analyzed by GC (Agilent-HP capillary column, Helium as 
carrier gas, initial temperature 70oC, final temperature 250oC, ramping rate 
20oC/min, FID temperature 280oC) to calculate the yield. The catalyst, after 
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being recovered by refluxing and extensive washing, was recycled for eleven 
times at the same reaction conditions.  
   For comparison, Pd/Al2O3 with a loading 2% was prepared via the same 
procedures using the commercialized Al2O3 (size 300 nm, from Allied High 
Tech). And such Pd/Al2O3 was recycled for six times for Suzuki coupling 
reaction between idobenzene and phenylboronic acid under the same 
condition described above.    
6.2.6 Material characterizations  
   The sample morphologies were observed by transmission electron 
microscopy (TEM, JEM-2010, 200 kV), high-resolution TEM (HRTEM, 
JEM-2100F, 200 kV), field emission-scanning electron microscopy (FESEM, 
JSM-6700F). Crystallographic information was obtained by powder X-ray 
diffraction (D8 Advanced, Bruker; Cu Kα radiation at 1.5406 Å). N2 
adsorption−desorption experiments were performed by a surface area and pore 
size analyzer (Quantachrome Instruments NOVA 4200e) at 77.3 K after 
overnight degassing in ﬂowing N2 at 150oC.  
6.3 Results and discussion 
6.3.1 Synthesis of bicone-shaped MIL-96(Al) nanocrystals 
    Over the last decades, many nanostructures of metal-organic frameworks 
with well controlled sizes and shapes have been prepared,[21-23] and they could 
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serve as templates and precursors for deriving new nanostructures.[24, 25] As 
shown in Scheme 6.1, the physical boundary of a nanoreactor is defined by the 
initial crystal size of the MIL-96(Al). Synthesis of the MIL-96(Al) 
nanocrystals involves the hydrothermal treatment of Al(NO3)3, trimesic acid 
and polyvinylpyrrolidone (PVP) which are dissolved in the mixture of water, 
ethanol and acetone with different volume ratios together with HNO3 at 
150-180oC for 45 h. Different from the hydrothermal synthesis of Al-based 
MIL colloidal particles,[26, 27] herein we added in acetone which has an 
antisolvent effect toward metal carboxylates[28] and PVP, and thus 
bicone-shaped MIL-96(Al) nanocrystals were generated at a relatively low 
temperature. As shown in Figure 6.1, the size of MIL-96(Al) nanocrystals 
could be controlled by adjusting the reaction temperature and the solvent ratio 
of ethanol to acetone. With a volume ratio of ethanol to methanol 1:1, for 
example, MIL-96(Al) nanocrystals with a mean major axis of ca 200 nm are 
formed at 150oC (Figure 6.1a,b) whereas those with a mean major axis ca 500 
nm are produced at 180oC (Figure 6.1e,f). When the volume ratio of ethanol to 
acetone is set at 2:1, monodispersed nanocrystals with a major axis of ca 350 
nm are obtained at 180oC (Figure 6.1c,d). Our XRD analysis confirms the 
formation of MIL-96(Al) (Figure S6.1),[29] and our FESEM observations also 




Figure 6.1. MIL-96(Al) synthesized at different reaction conditions: (a,b) 
150oC, volume ratio of ethanol to acetone 1:1; (c,d) 180oC, volume ratio of 
ethanol to acetone 2:1; and (e,f,g,h,i) 180oC, volume ratio of ethanol to 
acetone 1:1.  
that in the absence of PVP (Figure S6.2a,b) or acetone (Figure S6.2c,d), only 
irregular aggregates or porous networks could be obtained.   
6.3.2 Synthesis of Al2O3@mAl-silicate nanoreactor and loading 
of active NPs 
   Subsequently, shown in Scheme 6.1b and Figure 6.2a, hydrothermal 




400 nm 400 nm 400 nm
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generates a transient structure which essentially maintains the morphology and 
size of the original MIL-96(Al) (Figure S6.3). When treated with urea at 
150oC for 15 h for the second time, a hierarchical structure is formed which 
has a thin shell of Al-silicate and an internal assemblage of AlOOH nanosheets 
(i.e., AlOOH@Al-silicate, Scheme 6.1c and Figure 6.2b,c,d,e,f), whose size is 
determined by the size of the starting MIL-96(Al) nanocrystals (Figure S6.4). 
The boundary shell of this structure shows a much higher image contrast 
(Figure 6.2c,d). Interestingly, there are many AlOOH nanosheets included 
inside the Al-silicate shell. FESEM images also reveal that the ultimate 
products well inherit the size and the bicone shape of the original nanocrystals 
(Figure 6.2e,f). Furthermore, our XRD analysis (Figure 6.2g, blue pattern) 
detects the presence of the AlOOH phase which is a well-known layered 
material as a solid precursor for the formation of alumina.[30, 31] In this 
agreement, the EDX and elemental mapping confirm that the boundary shell 
consists of Si, Al and O, whereas the interior mainly comprises Al and O (see 




    
Figure 6.2. TEM and FESEM images of (a) transient structure and (b,c,d,e,f) 
AlOOH@Al-silicate; and (g) its XRD spectra before (JCPDS file #21-1307 
for boehmite AlOOH) and after calcination (JCPDS file #50-0741 for -Al2O3); 
(h) N2 adsorption-desorption isotherms and (inset) volumetric pore size 
distribution of the Al2O3@mAl-silicate.  
100 nm 200 nm
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    The transient structure in Scheme 6.1b is critical to generate the above 
AlOOH@Al-silicate, which is formed out of the reaction between the 
MIL-96(Al) and TEOS (i.e., Scheme 6.1a to 1b). On the one hand, under 
hydrothermal conditions, TEOS would hydrolyze in the presence of urea into 
Si(OH)4 and its silicate oligomers. On the other hand, the MIL-96(Al) is an 
aluminum carboxylate, and those surface unsaturated aluminum ions could be 
hydrolyzed under the alkaline conditions. Accompanied by these two 
processes, there will be condensation reactions between hydrolyzed TOES 
species and surface aluminum species, which leads to the formation of 
Al-silicate shell. Note that the initial structure of MIL-96(Al) plays an 
important role in controlling the kinetics of hydrothermal treatment (Scheme 
6.1b). First, the MIL-96(Al) bicones are able to maintain their own 
morphology in the alkaline conditions. Because they are single-crystalline, our 
MIL-96(Al) nanocrystals have higher chemical and structural stability than 
their amorphous counterparts.[28] Second, due to the microporous nature of 
MIL-96(Al), hydrolyzed products such as Si(OH)4 and its silicate oligomers 
are too bulky to access their interior, and therefore only the surface region of 
the aluminum trimesate participates in the condensation reaction, registering 
an Al-silicate shell (Figure 6.2a and Figure S6.3). In the second hydrothermal 
processing, remaining aluminum trimesate in the deeper part of the transient 
structure is transformed into sheet-like boehmite (AlOOH) in the presence of 
urea (Scheme 6.1c). 
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   The calcination of the as-formed AlOOH@Al-silicate in Ar and air at 
6500C generats the porous Al2O3@mesoporous Al-silicate 
(Al2O3@mAl-silicate; Scheme 6.1d) with the same morphology and size 
which are defined in Scheme 6.1c (Figure S6.5). The formed Al2O3 (γ-phase) 
support is nanocrystalline, as revealed by XRD analysis (Figure 6.2g, the 
brownish red line). Determined by the Brunauer-Emmett-Teller method on the 
N2 adsorption isotherm (Figure 6.2h), the specific surface area of the 
Al2O3@mAl-silicate is 80 m2/g, with the pore volume obtained as 0.193 mL/g 
at P/P0 = 0.9775. A hysteresis loop is shown in the N2 adsorption-desorption 
isotherms, indicating the existence of mesopores (Figure 6.2h). A peak is 
found centered at 4.0 nm (inset, Figure 6.2h), which originates from the 
mesopores in the nanoshell after removal of the organic residues. There are 
also relatively large mesopores, e.g., > 10 nm, which are most likely resulted 
from the inter-sheet space of the Al2O3 support. Thus-prepared 
Al2O3@mAl-silicate has very high thermal stability; its morphology remains 
intact after calcined at 800oC for 2 h (Figure S6.6). It should be mentioned that 
a small portion (ca 3%) of hollow mAl-silicate shells containing little or no 
Al2O3 nanosheets are also found (Figure S6.7). These hollow mAl-silicate 
shells could serve as an internal reference for evaluation of the performance of 
the Al2O3@mAl-silicate when they are used as nanoscale reactors. 
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Figure 6.3. Typical TEM images of Al2O3@mAl-silicate loaded with (a,b) Pt 
and (c,d) Pd NPs; element mappings of Al2O3@mAl-silicate loaded with (e) 
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 As depicted in Scheme 6.1e, various active NPs can be loaded onto the Al2O3 
nanosheets through the impregnation-calcination method.[32] Noble metals 
such as Pt (Figure 6.3a,b and Figure S6.8), Pd (Figure 6.3c,d and Figures S6.9 
and S6.10) or other transition metals such as Cu/Zn (Figure S6.11) and Co 
(Figure S6.12) could be introduced as metallic or metal oxide NPs. The metal 
loading could be modulated by varying the volume and concentration of metal 
precursor solutions (e.g., volume of 30 to 50 µL per 5.0 mg of 
Al2O3@mAl-silicate). The morphology and size of the support are well 
reserved after loading of the active components. With relatively low metal 
loadings (e.g., < 1.0% Pd, Figure S6.9), few metal NPs could be observed 
under TEM observation. At higher metal loadings, the loaded NPs could be 
seen easily. For instance, NPs are found for cases of Pt (Figure 6.3a,b and 
Figure S6.8) and Pd (Figure 6.3c,d and Figure S6.10) with loadings of 4.0% 
and 2.0%, respectively, whereas NPs with size below 10 nm could be 
observed for the cases of Cu (Figure S6.11) and Co (Figure S6.12) at the 
loading of 6.4% and 16.0%, respectively. Elemental mapping reveals that the 
majority of the metal NPs are located on the porous Al2O3 nanosheets (Figure 
6.3e,f,g,h). Moreover, by grinding the NPs/Al2O3@mAl-silicate, the 
embedded NPs and Al2O3 nanosheets could be released (Figure S6.13), 
confirming the existence of interior NPs/Al2O3. This is also confirmed by 
EDX and XRD techniques (Figures S6.14-S15). Through controlling the 
volume of the metal precursor to the Al2O3@mAl-silicate, active NPs could be 
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formed exclusively inside (Figure 6.3a and Figures S6.8-S6.11), or also 
outside the nanoreactors when the volume of the metal precursor solution is 
increased (Figures S6.12 and S6.16).   
6.3.3 Catalytic performance of Al2O3@mAl-silicate 
nanoreactor  
  The Pd/Al2O3@mAl-silicate nanoreactors were used to catalyze the Suzuki 
coupling reaction to test their activity and stability. With mesopores of 3.9 nm 
in the mAl-silicate shell, indeed the reactants and products could diffuse into 
and out of the nanoreactors rather easily. Coupling reactions between various 
arylhalides and phenylboronic acid could be catalyzed with different activity 
by such nanoreactors (Table S6.1). As exemplified in Figure 6.4a, a yield of 
98% is achieved within 25 min in the case of idobenzene (Figure S6.17). The 
catalyst, which could be recovered by refluxing and extensive washing after 
each reaction run, was recycled for 11 times in this coupling reaction (Figure 
6.4a). Our TEM characterization also shows that, after 11 cycles, no 
significant growth of Pd NPs is observed for those hosted within the 
Al2O3@mAl-silicate (Figure 6.4b,c,f and Figure S6.18). In contrast, for the 
Al2O3-free hollow Al-silicate shells (Figure S6.7), large Pd NPs of above 20 
nm are observed in the spent catalyst (marked in a red arrow in Figure 6.4b 




Figure 6.4. (a) Comparison of reactivity and recycling stability of 
Pd/Al2O3@mAl-silicate nanoreactors and Pd/Al2O3 for Suzuki coupling 
reaction between idobenzene and phenylboronic acid; TEM images of (b,c) 
Pd/Al2O3@mAl-silicate after being recycled for 11 times; and TEM images of 
Pd/Al2O3 (d) before and (e) after being recycled for 6 times at the same 
condition. A schematic comparison of stability among (f) 
Pd/Al2O3@mAl-silicate, (g) Pd NPs within a hollow Al-silicate nanoshell and 
(h) Pd NPs supported on commercialized Al2O3.  
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confirm the excellent stability rendered by the interior support of Al2O3 
nanosheets. For comparison, Pd/Al2O3 was prepared via the same procedures 
using the commercial Al2O3 (see Figure S6.20a,b). Shown in Figure 6.4a, 
under the same conditions, the Pd/Al2O3 has lower activity than our 
nanoreactors in the 1st run, demonstrating a yield of 82%; but the yield 
decreases significantly from 82% in the 1st run to 48.7% in the 4th run and to 
23.7% in the 6th run. Consistently, TEM images of Pd/Al2O3 before (Figure 
6.4d) and after (Figure 6.4e) the catalytic reaction reveal severe aggregation 
and growth of Pd after the 6th recycle (Figure 6.4h and Figure S6.20). As 
depicted in Figure 6.4f,g,h, the comparison indicates that both the external 
mesoporous Al-silicate shell and the internal Al2O3 support are necessary to 
realize a nanoreactor with high stability. Nonetheless, it should be mentioned 
that, due to vigorous and extensive magnetic stirring, some  
broken nanoreactors are also observed (Figure S6.19) which might account for 
the decreasing catalytic activity for coupling after the 10th run (Figure 6.4a). 
 
6.4 Conclusions 
   In summary, this work reports the first synthesis of monodisperse 
nanocrystals of Al-based MOF MIL-96(Al) and their transformative 
conversion to many other chemical phases (i.e., Al-silicate and AlOOH and 
then γ-Al2O3). More importantly, thin shells of mesoporous Al-silicate with 
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interior γ-Al2O3 nanosheets have been fabricated in a stepwise manner. The 
processing strategy is highly versatile. Multiple active metal and metal-oxide 
NPs can be loaded onto the Al2O3 nanosheets which greatly stabilize the 
catalysts and improve their catalytic performance. Because γ-Al2O3 is an 
important catalyst support, we expect these NPs/Al2O3@mAl-silicate 
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Chapter 7. Creating Mesoporous Submicron 
Aluminosilicate Support: Controlled Synthesis and 
Assembly of Hollow Nanospherules of Allophanes 
 
7.1 Introduction  
     Mesoporous nanomaterials have found important applications in catalysis, 
separation, drug delivery.[1-3] In most cases, mesopores are created using the 
soft-micelles as directing agents.[2-4] Besides usage of the cost-ineffective 
surfactants and/or polymers, thus-obtained mesopores are often well-ordered and 
cylindrical in shape and have limited openings, which are susceptible to pore 
plugging during the loading of the active components. Instead, creation of 
mesopores from stacking nanobuilding blocks, such as nanobubbles, represents a 
surfactant-free approach which leads to interconnected mesopores.[5, 6] 
Nevertheless, due to the disordered aggregation and polydispersity of the building 
blocks, it remains challenging to produce uniform mesopores with high porosity 
using this approach.  
    Meanwhile, as one of the most abundant silicates, aluminosilicates have 
attracted the most attention and have found wide applications due to their high 
surface area and chemical inertness.[7-11] Allophane is a type of hydrous 
aluminosilicate which originally is derived from volcanic ash and weathered 
pumice.[12, 13] The morphology of allophanes are characterized  by their 
numerous hollow spherules with external diameters 3.5~5.5 nm and wall 
thickness of 0.7-1.0 nm.[13-16] The wall of the allophane spherules are perforated, 
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with pore diameters around 0.3 nm, and on these wall perforations there are 
(OH)Al(OH2) groups which lead to their pH-dependent charge characteristics.[17, 
18] Owing to their large specific surface area, excellent stability and active surface 
properties, allophanes have long been used as adsorbents for adsorption of various 
cations, anions and organics.[17-20] There are also numerous studies where 
allophanes are used for heterogeneous catalysts[19, 21-25] as well as other 
applications.[26]   
      With uniform shape, size and inherent acidity, one could see that the 
allophanes are excellent building blocks to create mesoporous support with 
desired features via the surfactant-free approach aforementioned. Unfortunately, 
allophanes were often synthesized using co-precipitation of alumina and silica 
from their respective inorganic sources or organic precursors.[14, 19, 27] With 
limited control over the solidification kinetics, thus-obtained synthetic allophanes 
often exist as large flocculates with irregular morphologies of micrometers in 
sizes. 
    In this work, as depicted in Scheme 7.1, for the first time we reported 
simultaneous synthesis and assembly of the allophanes which generated 
mesoporous spherical allophane assemblages (MSAA) with well-defined shapes 
and narrow size distribution, starting from the aluminum carboxylate polymeric 
spheres (Al-P1). Thus-prepared MSAA have high surface area and interconnected 
mesopores. The MSAA could be either isomorphously doped or converted to 
hierarchical Al-based layered double hydroxide (LDH) assemblages via reacting 
with transition metal ions. Due to their unique physicochemical surface properties, 
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various noble metal nanoclusters (NCs) could be loaded on the surface or into the 
inter-spherule space of the MSAA facilely via surface modification-free and 
surfactant-free approaches. To test the catalytic activity and stability, the 
PdNCs/MSAA was recycled for Suzuki coupling reaction; the AuNCs/MSAA was 
used for electrochemical sensing of H2O2. 
 
Scheme 7.1. Process flowchart of this work: (a) Al-P1, the amorphous 
Al-carboxylic polymeric spheres; (b) Al-Si-P2, the intermediate amorphous 
aluminosilicate solid spheres; (c) MSAA, the mesoporous spherical allophane 
assemblages; (d) MSAA doped with transition metal ions; (e) metal nanoclusters 
(NCs) deposited on the external surface of MSAA and (f) in the internal 
inter-spherule space of the MSAA.  
+ TEOS, urea i)  + urea
ii) calcination
(a) Al-P1 (b) Al-Si-P2 (c) MSAA




7. 2 Experimental section 
7.2.1 Materials and chemicals  
    Aluminium tri-isopropoxide (̱98%), diethylene glycol (DEG), tetraethyl 
orthosilicate (TEOS), urea, K2PtCl4 (98%), HAuCl43H2O (>99.99%), 
NiSO4.6H2O and trisodium citrate dihydrate are from Sigma Aldrich; thiourea 
(>99%), perfluorosulfonic acid-PTFE copolymer (5% w/w, nafion) are from Alfa 
Aesar; NH4Cl is from BDH; CoCl2.6H2O was from Fluka; ethanol (analytic 
grade), acetone (analytic grade), H2O2 (30%), phosphate buffer solution (PBS, 
pH=7.0), concentrated HNO3 (65%), NaOH (>99%) are from Merck; deionized 
water was collected through the Elga MicroMeg purified water system.  
7.2.2 Synthesis of Al-P1 spheres  
    The Al-P1 spheres were prepared according to our previous work with slight 
modification.[28] 80.0 mg aluminum isopropoxide was added into 5.0 mL DEG, 
followed by addition of 35 mL acetone and 2.0 mL concentrated HNO3 (65%); 
the mixture was stirred to get a clear solution which was transferred to a 
Teflon-lined autoclave and kept at 110oC for 10 h and then at 140oC for another 8 
h. After cooling down, the resulting precipitate was washed with ethanol for four 
times and dried at 80oC.  
7.2.3 Synthesis of Al-Si-P2 spheres 
     20.0 mg of the Al-P1 spheres together with 85.0 mg urea was well mixed in 
20.0 mg H2O and 12.0 mg ethanol; towards the mixture 100 μL mixture of TEOS 
and ethanol (volume ratio 1:1) was added. After magnetically stirring for 5 
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minutes, the mixture was transferred to a Teflon-lined autoclave and kept at 
150oC for 15 h. After cooling down in open air, the resulting precipitate was 
washed with ethanol and dried at 80oC.  
7.2.4 Synthesis of MSAA  
    30.0 mg Al-Si-P2 together with 120.0 mg urea was well mixed in 40.0 mL 
deionized water, which then was transferred to a Teflon-lined autoclave and kept 
at 150oC for 15 h. After cooling down in open air, the resulting precipitate was 
washed with water and dried at 80oC to give the pristine MSAA. The pristine 
MSAA was kept in air at 550oC for 4 h with a ramping rate of 2oC/min to give the 
calcinated MSAA. 
    Note that the reaction conditions were changed when necessary. For instance, 
Al2O3 or calcinated Al-P1 was used to replace the original Al-P1, with detailed 
reaction conditions given in the supporting information.   
7.2.5 Doping of MSAA with transition metal ions 
     6.0 mg of the calcinated MSAA, 28.0 mg of urea, 2.0-5.0 mL NH4Cl (0.1 
M), 0.2 mL trisodium citrate (0.1 M) was mixed in 10.0 mL deionized water, int0 
which 20-120 μL NiSO4 (0.1 M) or 20-80 μL CoCl2 (0.1 M) was added; the 
mixture was transferred t0 a Teflon-lined autoclave and was kept at 120oC for 10 
h. 
7.2.6 Synthesis of LDH nanocomposites from MSAA  
6.0 mg of the calcinated MSAA was dispersed in 10.0 mL deionized water, int0 
which 15.0-40.0 mg of urea and 20-200 μL NiSO4 (0.1 M) or CoCl2 (0.1 M) was 
196 
 
added and mixed; subsequently, the mixture was transferred t0 a Teflon-lined 
autoclave and was kept at 120oC for 10 h. 
7.2.7 Deposition of noble metal NCs on MSAA  
  For deposition of PtNCs, 1.0 mL K2PtCl4 (2 mM) was mixed with 20.0 mL 
aqueous solution of the calcinated MSAA (0.25 g/L); after stirring for 2 minutes, 
the mixture was kept overnight at 80oC. The PtNCs/MSAA nanocomposite was 
washed with water and dried at 80oC.  
    For deposition of AuNCs, alkaline solution of thiourea was firstly prepared 
by mixing thiourea (120 μL, 0.25 M) and NaOH (10 μL, 15 M) in 10.0 mL 
deionized water. Then 1.2 mL of HAuCl4 (1 mM) was added into 20.0 mL 
aqueous solution of the calcinated MSAA (0.25 g/L), followed by addition of 0.5 
mL of the above thiourea alkaline solution. After stirring for 2 minutes, the 
mixture was kept overnight at room temperature, and then kept at 80oC for 1 h. 
The AuNCs/MSAA nanocomposite was washed with water and dried at 80oC.  
   For deposition of PdNCs, PdCl2 (50-100 μL, 10-50 mM) was mixed with 10 
mg of the calcinated MSAA. After being sonicated for half an hour, the mixture 
was then dried at 100oC for 1 h and then calcinated at 350oC in air for 2 h. 
Subsequently, the nanocomposite was reduced in H2 at 200oC for 2 h with a 
ramping rate of 2oC/min to give the PdNCs/MSAA nanocomposite. 
 7.2.8 Applications of metal NCs/MSAA nanocomposite 
 Suzuki coupling reaction was selected as model reaction to test the activity and 
stability of the PdNCs/MSAA nanocatalyst. Specifically, ethanol (10 ml), 
idobenzene (0.5 mM), phenylboronic acid (1 mM), K2CO3 (2 mM), n-dodecane 
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as internal standard (0.5 mM) and 10 mg PdNCs/MSAA with 0.76% Pd loading 
was mixed and magnetically stirred in a glass reactor at 85oC for 25 min. The 
mixture was then centrifuged at 6000 rpm for 8 min to separate the catalyst. The 
supernatant was analyzed by GC (Agilent-HP capillary column, Helium as carrier 
gas, initial temperature 70oC, final temperature 250oC, ramping rate 20oC/min, 
FID temperature 280oC) to calculate the yield. The catalyst, which was recovered 
by washing with copious water and ethanol, was recycled at the same conditions 
for six times.   
   H2O2 electrochemical sensor was also constructed using AuNCs/MSAA 
nanocomposite. The glass carbon electrode (GCE) was polished with 1 μm, 0.3 
μm and 0.05 μm alumina slurries successively; the electrode was sonicated in 
ultrapure water for 10 s between slurries. Afterwards, the GCE was subjected to 
chemical polishing through anodization at +1.80 V (vs Ag/AgCl) in 0.1 M NaOH 
for 10 s and rinsed with ultrapure water. Subsequently, 2.4 mg of the as-prepared 
AuNCs/MSAA nanocomposite (Au% wt = 4.5%) was dispersed in 100 μL 
0.5%wt nafion aqueous solution; then 4 μL of such Au/MSAA solution was 
dropped on the polished GCE. After 1 h, another 4 μL of the Au/MSAA was 
added, which was then dried overnight at ambient conditions. Electrochemical 
measurements were conducted using a computer-controlled potentiostat (Autolab, 
PGSTAT 302N) with a standard-three-electrode configuration. The counter and 
reference electrodes were Pt gauze and Ag/AgCl in saturated KCl, respectively. 
The Au/MSAA modified GCE as the working electrode was firstly subjected to 
cyclic voltammetry scan within 0.4~ˉ0.6 V (vs Ag/AgCl) for 30 cycles with a 
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scan rate of 50 mV/s in 10.0 mL PBS (pH=7.0, purged with Ar for 0.5 h, similarly 
thereafter). Cyclic voltammograms without or with 2.6 mM H2O2 in PBS was 
obtained. The chronoamperometric response of the working electrode to different 
concentration of H2O2 was measured in 10.0 mL PBS at constant potential of ˉ
0.3 V (vs Ag/AgCl). At every ca. 2 min, an aliquot of freshly prepared H2O2 with 
concentration of 5.0 mM was injected successively into the PBS. Note that the 
addition dosage of H2O2 at the first time was 50 μL, and then was increased to 0.1 
mL, 0.2 mL, 0.4 mL and 0.6 mL gradually. Baseline with steady-state-signal was 
obtained prior to injection of H2O2 and the solution was mildly and magnetically 
stirred. 
7.2.9 Characterization methods  
The morphologies were observed by transmission electron microscopy (TEM, 
JEM-2010, 200 kV), high-resolution TEM (HRTEM, JEM-2100F, 200 kV), field 
emission-scanning electron microscopy (FESEM, JSM-6700F). The structural 
information was gathered by Fourier transformed infrared spectroscopy (FTIR; 
Bio-Rad FTS-3500ARX). Crystallographic information was obtained by powder 
X-ray diffraction (D8 Advanced, Bruker, Cu KR radiation at 1.5406 Å). X-ray 
photoelectron spectroscopy (XPS, AXIS-HSi, Kratos Analytical) analysis was 
conducted using a monochromatized Al Kα exciting radiation (hν = 1286.71 eV) 
with a constant analyzer-pass-energy of 40.0 eV. All binding energies were 
referenced to C 1s peak (BE set at 284.5 eV) arising from CC bonds. The EDX 
result was the average result of six different areas. N2 adsorption−desorption 
experiments were performed by a Quantachrome Instruments NOVA 4200e 
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surface area and pore size analyzer at 77.3 K after overnight degassing in ﬂowing 
N2 at 150°C. For zeta potentials measurement, the calcinated MSAA was firstly 
dispersed in deionized water with different pH values and then measured with a 
Zetasizer nano-ZS (Malvern Instrument). 
7.3 Results and discussion  
7.3.1 Synthesis and characterization of MSAA  
   Shown in Scheme 7.1 and Figure 7.1a, different from many metal silicates 
which often start from SiO2 precursors,[5, 29] herein, aluminum carboxylate 
polymeric spheres (Al-P1) with a diameter of 319±42 nm[28] was used as the Al 
source and the starting template. The Al-P1 samples are amorphous[28] and 
unstable (which deteriorates under a focused electron beam during TEM 
observation). As such, these Al-containing spheres are expected to be susceptible 
to compositional and structural changes (which is critical for the second step). 
Depicted in Scheme 7.1b, when treated with TEOS and urea at 150oC for 15 h, Si 
was incorporated homogeneously into the Al-P1, forming Aluminosilicate 
intermediate spheres (Al-Si-P2), which was confirmed by element mapping and 
EDX analysis (Figure S7.1). The Al-Si-P2 has an average diameter of 432±40 nm, 
which, compared with Al-P1, increased evidently (Figure 7.1b,c). The Al-Si-P2 
has smooth surface (Figure 7.1d). When thus Al-Si-P2 was further hydrothermally 
treated with urea at 150oC for 15 h, mesoporous spherical allophane assemblages 
(MSAA) with an average diameter close to that of Al-Si-P2 were resulted 
(Scheme 7.1c). Shown in Figure 7.1e-j, different from Al-P1 and Al-Si-P2, the 
MSAA look fluffy and have very rough surface due to their unique structural 
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constitution. At high resolutions within each spheres numerous small particulates 
with diameters around 5.0 nm could be clearly identified; each particulates clearly 
show higher contrast at the boundary than at their central area, revealing their 
hollow nature (Figure 7.1k,l, Figure S7.2 and also see latter sections). The 
observation of such hollow spherules of aluminosilicate is the most important 
proofs for formation of allophanes.[14] These hollow spherules collapse under long 
exposure to an electron beam at high magnification.[14] The pristine MSAA 
samples are light brown in color due to presence of organic residues from Al-P1. 







Figure 7.1. TEM and FESEM images of (a) amorphous Al-P1 spheres; (b,c,d) 
intermediate Al-Si-P2 spheres; (e,f,g,h,i,j) pristine MSAA spheres; (k,l) hollow 
spherules of allophane observed at high resolutions; (m) element mapping of Si, 
Al and O in MSAA.  
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white in color; and their morphology and unique structures are well preserved 
after calcination at even higher temperature, e.g., at 650oC, demonstrating high 
thermal stability (Scheme 7.1c, Figure S7.3). EDX confirmed the chemical 
composition of the as-prepared MSAA (Figure S7.4)  and elemental mapping 
revealed homogeneous distribution of Al, Si and O in the MSAA (Figure 7.1m). 
According to EDX analysis, the formula of the calcinated MSAA can be denoted 
as Al2O3.(SiO2)1.36.(H2O)x (Figure S7.4). Determined by the 
Brunauer-Emmett-Teller (BET) method on the N2 adsorption isotherm (Figure 
7.2a), the specific surface area of the calcinated MSAA sample is as high as 1032 
m2/g, with the pore volume obtained as 1.104 mL/g at P/P0 = 0.975. A hysteresis 
loop was formed in N2 adsorption-desorption isotherms, proving the existence of 
mesopores in the MSAA (Figure 7.2a), and in the pore size distribution curve a 
peak was found centered at 3.4 nm (Figure 7.2b). These mesopores in MSAA 
originate from the inter-spherule space built up by the stacking allophane 
spherules. Interestingly, it seems that due to the formation of such mesopores, the 
specific surface area of our MSAA sample is much larger than most of the 
irregularly-shaped allophane agglomerations reported previously (which is often 
below 600 m2/g and very occasionally above 800 m2/g).[17, 24] Such high specific 
surface area of MSAA also verified the thorough structural conversion of the 
aluminosilicate intermediate solid spheres (i.e., Al-Si-P2) to hollow allophane 
spherules. As a type of amorphous aluminumsilicate,[14] XRD spectrum of 
allophanes normally has a major band centered at 26o~27o and two weak ones at 
around 40.0o and 66.5o. Consistently, the XRD spectrum of the calcinated MSAA 
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demonstrated three bands, with a major one at 24.8o and two others at 39.5o and 
66.4o, respectively (Figure 7.2c-iii). Compared with the pristine MSAA which has 
a major band centered at 27.3o (Figure 7.2c-ii), evident shift of the major band 
was observed in the calcinated MSAA. Such thermal shift is evident especially 
for allophanes with low Si/Al ratio and it associates with the polymerization of 
silica component.[30] The as-prepared MSAA could be well dispersed in water, 
forming a stable opalescent solution. The surface properties of MSAA which 
regulate the interaction between allophanes and the external reactants are 
characterized by zeta potentials in response to pH changes. Due to the presence of 
aluminol (OH)Al(OH2) groups, allophanes could either acquire or lose protons 
depending on the pH value.[17, 24] The point of zero charge of the calcinated 
MSAA is found at pH 4.5. At pH below 4.5 the MSAA particles have positive 
zeta potentias and at pH above 4.5 the MSAA are negatively charged (Figure 
7.2d).  
  7.3.2 Understanding formation of MSAA 
 The formation of MSAA was further verified and understood through FTIR and 
XRD analysis of the intermediate Al-Si-P2, the pristine MSAA and the calcinated 
MSAA samples. Depicted in Figure 7.2a-i, FTIR spectrum of Al-Si-P2 revealed 
affluent presence of carboxylic groups. The bands at 1698 and 1295 cm-1 are due 
to stretching vibrations of C=O and C-O of carboxylic groups, respectively 
(Figure 7.2e-i), both of which disappeared in the pristine and calcinated MSAA 
samples (Figure 7.2e-ii & iii). The intensive bands at 3128 and 1396 cm-1 are due 
to O-H stretching and bending vibrations of carboxylic groups, respectively. 
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These two bands were weaken in the pristine MSAA (Figure 7.2e-ii), and they 
almost disappear in the calcinated MSAA (Figure 7.2e-iii). Such results revealed 
that the carboxylic groups were partly removed during the structural 
transformation of Al-Si-P2 to pristine allophanes. Presence of water was also 
observed in all the samples, as the band centered at 3451 cm-1 is due to O-H 
stretching of structural hydroxyl and adsorbed water and the bands at 1633 cm-1 
are ascribed to O-H bending vibration of adsorbed water.[24] Moreover, FTIR 
spectra of all the three samples (Figure 7.2e) demonstrate signals from 
aluminosilicate. As shown, the intensive band centered at 1050~1010 cm-1 is 
assigned to Si-O-Si stretching vibrations modified by tetrahedral Al in the 
framework; the position at 1050~1010 cm-1 indicates a high degree of substitution 
of Si with tetrahedral Al in the framework as Si-O-Si stretching vibrations in the 
absence of Al occurs at around 1100 cmˉ1.[14] Consistently, the shoulder band at 
880 cmˉ1 of the calcinated MSAA (Figure 7.2e-iii) is attributed to stretching 
vibration of Si-O-(Al).[27] The band at 567~571 cmˉ1 is ascribed to the vibration 
band of Al-O-Si stretching which also verified the corner linkage of [AlO4] and 
[SiO4] forming aluminosilicate.[31] The bands at 462, 692 cmˉ1 are due to 
tetrahedral Al. In general, the FTIR spectra of MSAA samples are well consistent 
with the those natural and synthetic allophanes reported previously, with five 




Figure 7.2. (a) N2 adsorption-desorption isotherms and (b) Volumetric pore size 
distribution of the MSAA calcinated at 550oC in air for 4 h, note (b) was 
calculated using the BJH method based on the desorption data; (c) XRD spectra 
of (i) the Al-Si-P2, (ii) the pristine MSAA and (iii) the calcinated MSAA; (d) Zeta 
potentials of the calcinated MSAA versus pH values; (e) FTIR spectra of (i) the 








   Moreover, XRD spectrum of Al-Si-P2, a type of amorphous aluminosilicate, 
has a major intensive band centered at ca. 25o in the XRD spectrum (Figure 
7.2c-i); in addition to this major band, a series of weak peaks are also present 
which could be assigned to poorly crystallized boehmite AlOOH (JPCDS card 
#49-0133). We found that when Al-P1 was hydrothermally treated with only urea 
or mixture of urea and transition metal precursors (i.e., without TEOS), 
hierarchical AlOOH hollow nanospheres were formed (Figure S7.5). This is 
because hydrolysis of urea would make the solution alkaline. As a result, the 
Al-P1, which is actually aluminum carboxylate, would be attacked by OHˉ 
groups and undergo depolymerization, which ultimately form the AlOOH crystals 
under hydrothermal condition. Nonetheless, when Al-P1 was treated with urea 
and TEOS (step 1 in Scheme 7.1), hydrolysis of TEOS in alkaline conditions 
would release [SiO4]4- ions; thus the aluminum carboxylate within Al-P1 would 
be attacked by both OH- and [SiO4]4- ions (Scheme 7.2a, i-1). Hence, a local 
depolymerization process of the aluminum carboxylate (i.e., Al-P1) would occur, 
releasing the [Al(OH)4]ˉ groups which then condensed in-situ with [SiO4]4ˉ to 
form Al-Si-P2. Throughout the whole process the original size and overall 
spherical morphology of Al-P1 was well maintained.  The intermediate spheres 
observed at 2.5 h and 5 h have average size falling between the sizes of Al-P1 and 
Al-Si-P2, and no nanospheres with evidently smaller sizes was found throughout 
the whole process (Scheme 7.2b,c and Figure S7.6a,b,c), implying that there is 




Scheme 7.2. (a) Process flowchart to convert (i) Al-P1 to (ii) Al-Si-P2 and then to 
(iii) the pristine MSAA: (i-1) Al-P1 sphere attacked by [SiO4]4ˉ and OHˉ ions, 
(ii-1) Al-Si-P2 sphere perforated by OH-, (ii-2) gas bubbles as template within the 
pores of the perforated Al-Si-P2; TEM images of intermediate structures formed 
at (b) 2.5 h and (c) 5.0 h during the conversion of Al-P1 to Al-Si-P2; and the 
intermediates formed at (d) 2.5 h and 5.0 h during the conversion of Al-Si-P2 to 
the MSAA.  
 
existing particles nor generation of new particles. Besides, there are SiO2 
aggregates deposited on the surface of these intermediate spheres (Figure S7.6c), 



















150 0C to room temperature. This indicates that an elevated temperature is 
important for the diffusion and incorporation of [SiO4]4ˉ group into the internal 
part of the Al-P1.   
      The usage of Al-P1 is critical for the formation of intermediate Al-Si-P2. 
As an aluminum carboxylate,[28] the extensive presence of carboxylic groups 
within the Al-P1 makes them amorphous and "soft", which therefore enables the 
attack of OHˉ  and [SiO4]4ˉ  to go deep into the  interior of the Al-P1 
nanospheres, leading to homogeneous distribution of Si within Al-Si-P2 (Figure 
S7.1). As a comparison, when the amorphous Al-P1 was replaced by the 
commercialized -Al2O3, no allophanes could be formed under the same practice 
(Figure S7.7a,b,c). When the as-prepared Al-P1 was calcinated, e.g., at 250oC for 
4 h, only sparse allophanes spherules were formed on the surface of the final 
spheres (Figure S7.7d,e,f). The successful formation of a homogeneous Al-Si-P2 
is critical for valid structural transformation towards the MSAA. When SBA-15 
and Al(NO3)3 were used as silica and aluminum source, respectively, no allophane 
was formed at similar reaction conditions (Figure S7.8). And when surfactant 
such as CTAB or Pluronic F-127 was introduced during the conversion of Al-P1 
to Al-Si-P2, hydrolysis and condensation of TEOS partially occurred in the bulk 
solution, leading to formation of independent SiO2 aggregates and thus sparse 
allophanes spherules (Figure S7.9). The above comparative experiments 
illustrated the uniqueness of our Al-P1 as both source of Al and template for 
synthesis and self-assembly of allophanes. 
209 
 
     The morphological transformation from Al-Si-P2 to allophanes spherules 
has been clearly demonstrated in Figure 7.1, though some AlOOH impurity was 
still present in the pristine MSAA according to its XRD spectrum (Figure 7.2c-ii). 
As the pristine MSAA spheres have almost the same size and shapes as the 
Al-Si-P2 precursors, we speculate that the conversion of Al-Si-P2 to MSAA 
involves in-situ structural transformation within the Al-Si-P2 spheres. TEM 
observation of the intermediate products during the conversion of Al-Si-P2 to the 
pristine MSAA confirmed this speculation. At the reaction time of 2.5 h, the 
Al-Si-P2 spheres well maintained their original size and spherical morphology, 
nonetheless, they seem to become porous (Scheme 7.2d, Figure S7.6d). At 5.0 h, 
the majority of the particles are already quite perforated and porous (Scheme 
7.2a-ii-1 & 2e), with small particulates observed within the particles; occasionally, 
formation of allophane spherules were already spotted at this stage (Scheme 7.2e, 
Figure S7.6e). Such intermediate morphology is associated with alkaline etching 
of the Al-Si-P2 spheres, due to which the original aluminosilicate structure was 
partially depolymerized into aluminosilicate fabrics or even active monomers,[8] 
leading to formation of the perforated intermediate spheres in Scheme 7.2e. 
Formation of such perforated intermediate structure is very critical for formation 
of allophane as it provides the necessary interstitial space and solid-liquid 
interface for formation of numerous gas bubbles which serve as the template for 
the local rearrangement of the aluminosilicate fabrics. Our group have reported 
the synthesis and assembly of Mn-silicate nanobubbles starting from SiO2 
nanospheres. It was proved that the gas-forming species are necessary for the 
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formation of such nanobubbles at hydrothermal conditions.[5] In the present case, 
a strong smell of ammonia was produced after the hydrothermal reaction, proving 
the formation of NH3 gas; the rich presence of caboxylic groups within Al-Si-P2 
could also release CO2 gas bubbles. Moreover, the perforated intermediate 
spheres in Scheme 7.2e are able to provide numerous sites for evolution of gas 
nanobubbles. On this basis, we believed that the building up of the gas 
nanobubbles at the solid-liquid interface within the interstitial space of the 
perforated Al-Si-P2 served as the template for local rearrangement and 
recondensation of aluminum silicate fabrics (Scheme 7.2a-ii-2), leading to 
formation of the small hollow spherules within each MSAA particles. To test this 
hypothesis, urea was replaced by NaOH alkaline solution to react with Al-Si-P2, 
the precursor particles were etched and became porous, but no hollow spherules 





Figure 7.3. Doping of MSAA by transition metal ions: (a,b,c) TEM images of 
MSAA doped by Ni2+ and (d) by Co2+; (e) photos of (left) the original MSAA 
colloid, (middle) the Ni-doped MSAA, and (right) the Co-doped MSAA; (f) FTIR 
spectra of (i) the original MSAA colloid, (ii) the Ni doped MSAA and (iii) the 
Co-doped MSAA; and elemental mapping of (g) Ni-doped MSAA and (h) 
Co-doped MSAA. 
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7.3.3 Synthesis of allophane-based derivatives by reacting 
MSAA with transition metal ions 
    Isomorphous doping enables modification of the chemical composition and 
thus the properties, whereas it executes little impact on the original structure.[29] 
Herein, doping of the MSAA by transition metal ions was achieved (Scheme 7.1d) 
through hydrothermal treatment of the mixture of MSAA, urea, transition metal 
ions such as Co2+ or Ni2+, NH4Cl and sodium citrate.[29] Transition metal ions 
such as Ni2+, Co2+ precipitate easily under alkaline conditions. During the doping 
process, urea would hydrolysis to release NH3 continuously. Therefore, presences 
of NH4Cl and sodium citrate are necessary to stabilize the transition metal ions of 
concern. NH4Cl could buffer the increasing pH value, while the citrate ions would 
stabilize the transition metal ions via formation of relevant complexes. 
Accordingly, shown in Figure 7.3a,b,c for the case of Ni and Figure 7.3d for the 
case of Co (Figure S7.11), all of the MSAA well maintain their original 
macro-morphology, and the allophane spherules are also well preserved (Figure 
S7.11). Nonetheless, the color of the sample changed evidently. Shown in Figure 
7.3e, the originally opalescent MSAA become light green for the Ni case and pink 
for the Co case. It indicates successful isomorphous doping of the original MSAA, 
through which the chemical composition of the MSAA has been partially changed. 
Consistently, the FTIR spectra of the two samples revealed evident band shift of 
the Al-O-Si towards lower wavenumbers, which are 23 cm-1 and 30 cm-1 for the 
case of Ni and Co, respectively. This shift of FTIR band is attributed to lattice 
expansion such as the elongation of the Al-O bond or substitution of Al-O bond 
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by longer dopant-O bond, namely Ni-O or Co-O in this case.[29] As the MSAA is 
highly porous, the dopant ions can diffuse deep into the interior of the MSAA. 
Therefore, both the external and internal allophane spherules in the MSAA could 
be modified. EDX analysis (Figure S7.12) and element mapping (Figure 7.3g,h) 
of thus doped MSAA also confirmed homogeneous existence of the dopant in 
each MSAA. Various MSAA derivatives doped with other transition metal ions 
could also be produced through similar methods. It should be noted that when the 
weight ratio of the dopant to the original MSAA is too high, e.g., over 12.0% for 
the case of Ni2+, the small spherules of allophane might become slightly deshaped 
(Figure S7.13). So far as we are concerned, this is the first report on successful 
isomorphous doping of transition metal ions into allophane. 
   When the calcinated MSAA were hydrothermally treated only with urea and 
transition metal ions, e.g., Ni2+ and Co2+, at 120oC for 10 h, part of the allophanes 
were sacrificed as aluminum source and layered double hydroxide (LDH) were 
resulted. Shown in Figure 7.4, when a relatively low dosage of transition metal 
ion was applied, thin nanosheets of the Ni-Al-LDH (Figure 7.4a)  or Co-Al-LDH 
(Figure 7.4b) were observed on the MSAA. Increasing the weight ratio of the 
transition metal ions to the MSAA, the as-formed LDH nanosheets would become 
increasingly dense whereas more and more allophane spherules within the MSAA 





Figure 7.4. TEM images of: (a) Ni-Al-LDH and (b) Co-Al-LDH  deposited on 
MSAA from treating 6.0 mg calcinated MSAA with 28.0 mg urea and NiSO4 (50 
μL, 0.1 M) and CoCl2 (25 μL, 0.1 M), respectively; (c) the assembled Ni-Al-LDH 
and (d) Co-Al-LDH nanocomposite formed under high dosage of Ni2+/Co2+; (e,f) 
MSAA/Ni-Al-LDH nanocomposites formed from addition of Ni2+ during the 
conversion of Al-Si-P2 to MSAA; (g) XRD spectra of (g-i) the Ni-Al-LDH and 
(g-ii) the Co-Al-LDH. Numbers in (g) are the corresponding planes of the LDH in 
each case, peaks labeled by the blue squares in (g-i) belong to Al2O3. 
 











of Co2+ was applied, respectively. XRD analysis (Figure 7.4g) revealed strong 
signals of Ni-Al-LDH (Figure 7.4g-i) and Co-Al-LDH (Figure 7.4g-ii), though 
Al2O3 impurity was found in the case of Ni; XRD signals of the original 
allophane almost disappeared. Formation of LDH relates closely with the 
presence of urea. Thermal hydrolysis of urea creates the necessary alkaline pH 
condition, as a result of which the interaction between those metal cations and the 
negatively charged MSAA would be dominated by electrostatic attractive forces. 
And the alkaline condition is also necessary for the release of Al3+ from the 
allophane spherules as well as the coprecipitation of these cations involved. Note 
that formation of such 3D hierarchical LDH-based nanocomposites shown in 
Figure 7.4b,c usually requires tedious precoating of the core or the template, such 
as precoating of the target core with firstly a layer of SiO2 and then a layer of 
AlOOH, or precoating of the core with a layer of carbon.[32] Our MSAA provides 
another approach for facile preparation of hierarchically organized LDH 
nanocomposites. 
     Additionally, MSAA/LDH nanocomosites could be also be formed through 
a one-pot synthesis method which involves hydrothermal treatment of the 
Al-Si-P2 together with urea and the relevant transition metal precursors at 150oC 
for 15 h. Thus resulting product has nanosheets growing on the MSAA spheres 
(Figure 7.4e). Slightly different from the case in Figure 7.4a, there are numerous 
hollow allophane spherules scattering on the nanosheets (Figure 7.4f).  
   3.4 Deposition of noble metal nanoclusters on MSAA for supported 
nanocatalyst It is also well reported that mesoporous nanomaterials with high 
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surface area are attractive for preparation of nanocatalyst.[5, 6] Nevertheless, in 
most cases surface modification of the targeted support, e.g., via grafting of 
organic ligands, is unavoidable for efficient loading of the active metal species 
onto the mesoporous support.[33-36] Allophanes, due to their natural chemical 
affinity towards various ionic species as well as their high surface area, are 
excellent natural adsorbents and support materials. Our MSAA, with the inherent 
surface properties of allophanes as well as the well-defined mesoporosity, 
provides an excellent platform for construction of nanocatalyst. As an example, 
herein various noble metal nanoclusters (NCs) were loaded on the calcinated 
MSAA via surfactant-free and surface modification-free processes.  
    Shown in Figure 7.5 a,b, PtNCs/MSAA nanocomposite was obtained by 
simply incubating the MSAA colloid with K2PtCl4 at 80oC overnight. The 
PtNCs/MSAA colloid is light black in color. At high magnifications numerous 
PtNCs of 2.0 nm were found on the MSAA (Figure 7.5b and Figure S7.14), and 
these PtNCs also form polycrystalline Pt nanocrystals with size around 5-10 nm 
which could be easily identified at relatively low magnification (Figure 7.5a,b, 
Figure S7.14). Few PtNCs was found outside the MSAA support. Element 
mapping (Figure 7.5g), HRTEM observation (Figure S7.14d) and XPS analysis 
(Figure S7.14e) further confirmed the formation of PtNCs on the MSAA. Note 
that no surfactant or reductant was used in this case. Therefore, the allophanes not 




Figure 7.5. TEM images and their corresponding elemental mapping of (a,b,g) Pt, 
(c,d,h) Au NCs deposited on the surface of MSAA and (e,f,i) PdNCs deposited in 























the adsorbent and the support, but also they assist the in-situ solvolysis of Pt 
species by complexing with PtCl42- through the (OH)Al(OH2) groups.[21] Previous 
research revealed that there is a strong attractive force between the PtNCs and the 
(OH)Al(OH2) groups on allophane, accompanied with Pt-O covalent bonding,[21] 
which is also supported by XPS analysis (Figure S7.14e).  
    Loading of AuNCs was achieved by incubating the mixture of HAuCl4, the 
MSAA and alkaline solution of thiourea at room temperature overnight and then 
at 80oC for 1 h. Shown in Figure 7.5c,d, dense and monodispersed AuNCs of 3 
nm were immobilized on the surface of the MSAA (Figure S7.15 & Figure S7.16). 
The formation of AuNCs on MSAA was further confirmed by elemental mapping 
(Figure 7.5h), the lattice parameter from HRTEM image (Figure S7.15b) and XPS 
analysis  (Figure S7.15c).  
   The above strategies to deposit metal NCs on the MSAA aqueous samples 
strongly depend on the electrostatic forces which regulate the adsorption of the 
metal ions on the MSAA. For instance, at alkaline conditions where the pH value 
is above the point of zero charge of the MSAA, the repulsive electrostatic forces 
would dominate the interaction between the negatively charged MSAA and the 
metal chloride complex anions such as AuCl42-, PtCl42- and PdCl42-, as a 
consequence, nucleation of these noble metals in the solution would dominate 
over the heterogeneous nucleation on the MSAA support, leading to extensive 
formation of AuNCs outside of the MSAA (Figure S7.17). Meanwhile, the MSAA 
with large surface area and rough surfaces also contribute to the formation of 
those highly dispersed metal NCs by providing numerous active heterogeneous 
219 
 
nucleation sites; and their strong interaction with the metal NCs contribute to the 
stabilization of those metal NCs. For example, the majority of the AuNCs could 
be maintained below 5 nm even after they were calcinated at 200oC in H2 for 2 h 
(Figure S7.18). The hollow spherules of the MSAA were well-maintained after 
immobilization of the metals.  
   The above Pt or Au NCs were mainly deposited on the external surface of the 
MSAA (Scheme 7.1e), as revealed by their relevant element mapping patterns 
which have more intensive signals at the boundary area. Using the conventional 
impregnation-calcination approach, the metal NCs could be deposited on the 
surface as well as in the interior of the MSAA (Scheme 7.1f). An example of this 
regard was shown in Figure 7.5e,f where well-dispersed PdNCs of 2 nm were 
homogeneously loaded in the inter-spherule space within the MSAA (Figure 
S7.19). Due to their small sizes, it is difficult to identify the PdNCs within the 
MSAA under TEM observation. Nonetheless, at relatively higher magnifications 
numerous dots with relatively higher contrast were observed (Figure 7.5f). And as 
supported by the elemental mapping in Figure 7.5i, homogeneous signal 
intensities of Pd were observed across each MSAA, proving homogeneous 
presence of Pd in the interior mesopores of the MSAA. HRTEM and XPS 
analysis (Figure S7.19) reaffirmed loading of Pd in the MSAA. Note that most 
mesopores generated with soft micelles are well-ordered and assume 
1D-cylindrical shape which have only two openings,[2, 4, 34] whereas the 
mesopores in the MSAA, are originated from the stacking of the allophane 
spherules. Therefore, the mesopores in the MSAA are disordered and 
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interconnected with each other. This spells at least two advantages compared with 
those ordered long cylindrical pores. In the first place, as supported by Figure 7.5i, 
in the MSAA the active components could be driven into mesopores in the deep 
interiors easily, as interconnected mesopores in the MSAA should have less 
internal pressure built up from trapped air during the impregnation process. 
Furthermore, our MSAA is expected to be more resistant to pore plugging caused 
by deposition of metal NCs or adsorption of relatively bulky molecules. Such 
structural advantages enable the MSAA as an attractive catalytic support.  
7.3.5 Application of metal NCs/MSAA nanocomposites  
       To test the activity and stability, the PdNCs/MSAA nanocomposite 
(Figure 7.5e,f,i) with a loading of 0.76% was used as nanocatalyst for 
Suzuki-coupling reaction between idobenzene and phenylboronic acid. With 
mesopores centered at 3.4 nm, the reactants and the products could transport 
freely through the MSAA. As shown in Figure 7.6a, 98% yield of biphenyl was 
achieved within 25 min with such a low Pd loading. The excellent catalytic 
activity of the PdNCs/MSAA nanocomposites originates from the small sizes and 
high dispersity of the active components within the MSAA, as well as their clean 
surface since neither surface modification nor surfactant was involved during the 




Figure 7.6. (a) Recycling test of PdNCs/MSAA nanocomposite for Suzuki 
coupling reaction between idobenzene and phenylboronic acid; (b,c) HRTEM 
images and (d) element mapping of the catalyst after being recycled for 6 times. 
Reaction conditions: 0.5 mM idobenzene, 1 mM phenyl boronic acid, 2 mM 
K2CO3, 0.5 mM n-dodecane as internal standard, 10 ml ethanol and 10 mg 
PdNCs/MSAA with 0.76% Pd loading, reaction time 25 min.  
 
for six times, and the yields were well maintained throughout these cycles, 
proving high catalytic stability. The PdNCs/MSAA nanocomposite after being 
recycled for six times was further characterized by TEM observation and element 
mapping. The recycled MSAA demonstrated high structural stability. As can be 
seen, they remained well-dispersed colloidal particles (Figure 7.6b); no 
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within the MSAA also well maintained their hollow features, with no changes in 
sizes and morphology (Figure 7.6c, Figure S7.20). Moreover, the repetitively 
recycled PdNCs also demonstrated superior stability. Supported in Figure 7.6c, 
similar to the PdNCs/MSAA before catalytic reactions (Figure 7.5e,f,i), almost no 
evident PdNCs could be seen on most of the MSAA in the spent catalyst (Figure 
S7.20), whereas element mapping reveals homogeneous existence of Pd within 
the MSAA (Figure 7.6d). Such results revealed that most of the PdNCs 
maintained their small sizes after being repetitively recycled, which is consistent 
with the high yields throughout the six runs. The high stability of the PdNCs 
could be explained from two aspects. First, trapped within the confined interior 
mesopores of the MSAA, the PdNCs have less freedom and hence less chance to 
fuse with each other or falling off into the bulk solution. Second, as discussed 
earlier, the allophanes have high chemical affinity towards various ionic species 
due to the presence of (OH)Al(OH2).[17, 18] 
     In addition, inorganic porous materials such as clays, SiO2 gels, zeolite have 
been proved as promising immobilization matrices due to their high mechanical, 
thermal and chemical stability, high surface area, good adsorption and 
penetrability;[37-39] both enzymatic or non-enzymatic sensors have been prepared 
by modification of the electrode with such inorganic porous materials which was 




Figure 7.7. (a) Cyclic voltammograms of the as-prepared 
AuNCs/MSAA-modified GCE in the absence and presence of 2.6 mM H2O2 in 
10.0 mL PBS, scan rate 50 mV/s; (b) Chronometric response of the 
AuNCs/MSAA-modified GCE on successive addition of H2O2 into 10.0 mL PBS 
(pH=7.0), the applied potential: -0.3 V; (c) calibration line of electrocatalytic 
current of H2O2 versus its concentration.  
 
   Herein, to explore new applications of allophanes, the as-prepared 
nanocomposite of AuNCs/MSAA shown in Figure 7.5(c,d,h) was attempted for 
enzymeless electrochemical sensing of H2O2. The sensor was easily constructed 
by immobilization of the AuNCs/MSAA nanocomposite on a polished GCE using 





modified GCE in the phosphate buffer solution (PBS, pH=7.0) were shown in 
Figure 7.7a; the reduction current obtained in the presence of 2.6 mM H2O2 
(Figure 7.7a-II) was greatly enhanced compared with that in the absence of H2O2 
(Figure 7.7a-I), proving the occurrence of electrocatalytic reduction of H2O2. The 
chronoamperometric responses of the AuNCs/MSAA modified GCE to different 
concentrations of H2O2 were shown in Figure 7.7b. With successive addition of 
H2O2 in each step, the reduction current catalyzed by the AuNCs/MSAA modified 
GCE increase rapidly in response to the H2O2 concentration changes, with steady 
state signal obtained less than 8 s. Accordingly, thus obtained calibration line 
gives a linear range which falls within 25 μm ~ 2.2 mM with good sensitivity 30.6 
μA mM-1 cm-2 (R=0.9992, n=27), and the detection limit was 1.1 μm at the 
signal-to-noise-ratio of 3 (Figure 7.7c). Such preliminary result proved the 
potential of allophane as a matrices for construction of biosensors. Considering 
the excellent adsorption affinity of allophane towards organic molecules[41] such 
as various DNA,[18, 20] enzymes,[42, 43] we believed that various enzymatic 
biosensors could also be constructed using the MSAA as the immobilization 
matrice.  
 7.4. Conclusions 
      To sum up, using amorphous aluminum carboxylate polymeric spheres as 
the source of Al and template, we present a two-step surfactant-free hydrothermal 
approach which enables controlled synthesis and assembly of allophanes, 
generating mesoporous spherical allophane assemblages (MSAA) with diameter 
of 445±40 nm, specific surface area 1032 m2/g, pore volume 1.104 mL/g and 
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mesopore size centered at 3.4 nm. The formation mechanism was carefully 
investigated. It mainly involved the formation of the amorphous aluminosilicate 
intermediate spheres in the first step followed by gas bubble-templated local 
structural rearrangement in the second step.  MSAA derivatives could be 
prepared by isomorhously doping the MSAA with relevant transition metal ions; 
the MSAA could also be easily converted to hierarchical LDH assemblages. Due 
to the large specific surface area and the unique surface properties, the MSAA 
could be used an excellent catalytic support. Highly dispersed noble metal NCs 
such as Pt, Au and Pd with size below 3 nm can be loaded on the surface or in the 
interior of the MSAA easily without surface modification or usage of surfactants. 
With the active components trapped inside the mesopores of the MSAA, the 
PdNCs/MSAA demonstrated excellent activity and superior stability towards 
Suzuki coupling reaction. The MSAA also demonstrate the potential as an 
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Chapter 8. Synthesis of Aluminum Silicate 
Nanoflower-supported Polyethyleneimine Nanocomposite 
and Their Application in Methyl Orange Adsorption 
 
8.1 Introduction  
   Porous nanoarchitectures of various chemical compositions,[1] especially 
those of SiO2,[2] Al2O3,[3] aluminum silicate (Al-silicate)[4] or carbon[5] have found 
many important applications in various fields such as catalysis,[6] drug delivery,[7] 
adsorption[8, 9] et al. Such nanomaterials have been achieved with high porosity 
and large specific surface area.[10] In most cases, these porous nanomaterials 
assume spherical or tube-like or even irregular geometric shapes, and the majority 
of the pores are encompassed within the interiors of these nanostructures.[11-13] As 
such, the internal surface area are often not straightforwardly accessible for the 
external reactants. Meanwhile, nanostructures which consists of multiple thin 
lamellae, e.g., a flower-shaped nanostructure, though often being synthesized for 
metal oxide[14] or hydroxides,[15] are much less especially for Al-silicate-based 
nanomaterials. With two sides of each lamella both in direct contact with the 
external environment, one can expect that, the surface area of such nanostructures 
could be exploited efficiently as a support. And such lamellae-based hierarchical 
nanostructures can potentially invite a superiorly large pore volume since 
extensive pores with open ends could be constructed by two adjacent lamellae 
joined with each other. 
   Along with the development of inorganic nanomaterials, fabrication of 
various organic-inorganic nanocomposite, especially the polymer-inorganic 
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nanohybrids have also been witnessed with great successes.[16, 17] The 
polyethyleneimine (PEI), which is a water soluble cationic polymer with 
numerous primary, secondary and tertiary amino groups, are being investigated 
extensively for adsorbent of organic dyes[18] and metal ions[19] or desorbent[20], 
CO2 capture,[21, 22] DNA/RNA carriers[23-25] et al.  For such purposes, the PEI 
chains are often immobilized on a solid substrate. Typical examples of this regard 
include the mesoporous SiO2 nanospheres,[23, 26, 27] carbon nanotubes,[21, 28, 29] 
irregular aluminas,[30] and polymeric spheres[31]. Evidently,  with most pores 
locate in the interior, only the external surface of those substrates could be used 
for anchoring the bulky chains of PEI. When used in liquid phase, detachment of 
the anchored PEI chains from these substrates might occur easily, as the polymer 
chains extrude directly into the bulk solution. Instead, the flower-shaped 
nanostructures provide an alternative platform for supporting those bulky 
molecules. Polymers like PEI could be anchored on both sides of the thin lamellae, 
and the interconnected polymer network could be harbored within the corners 
formed by any two nanosheets which are connected with each other with certain 
angles. As such, one could expect a higher portion of polymer will be loaded on 
such support and also with higher stability, which definitely will favor their 
applications. 
   In this work, a nanoflower-shaped structure which consists of multiple thin 
Al-silicate lamellae (Al-silicate NFs) was developed through a facile 
hydrothermal method using MIL-96(Al) nanoparticles (NPs) as aluminum source. 
Such Al-silicate NFs could be used as catalytic support on which various 
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metal/metal oxide nanoclusters could be well dispersed. Moreover, due to its large 
pore volume and easily accessible interfacial surface area, a high portion of PEI 
could be anchored on the Al-silicate NFs, which could be used as adsorbent for 
methyl orange removal from water with excellent adsorption capacity and 
recyclability.  
8.2 Experimental section  
8.2.1 Materials and chemicals  
    Trimesic acid (95%), polyvinylpyrrolidone (k30, PVP), tetraethyl 
orthosilicate (TEOS, 99%), K2PtCl4 (98%), HAuCl43H2O (>99.99%) and TiF4, 
polyethyleneimine (PEI, molecular weight 750,000, 50% in water)  are from 
Sigma Aldrich; urea (>99%) and thiourea (>99%) are from Alfa Aesar; 
Al(NO3)3.9H2O (̱95%), concentrated HNO3 (65%), NaOH (99%), ethanol 
(analytic grade), acetone (analytic grade), aqueous ammonium (32%) and methyl 
orange are from Merck; deionized water was collected through the Elga 
MicroMeg purified water system.   
8.2.2 Synthesis of colloidal MIL-96(Al) NPs  
     The MIL-96(Al) NPs were synthesized according to our previous work.[32] 
Briefly, 230 mg of Al(NO3)3.9H2O, 80 mg of trimesic acid and 550 mg of PVP 
was dissolved in the mixture of 7.5 mL ethanol, 7.5 mL acetone and 1.0 mL 
HNO3 (32.5%). The mixture was transferred to a Teflon-lined autoclave which 
was then kept at 150oC for 45 h. Thus-resulting precipitate was washed twice with 
ethanol and dried for further use. 
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8.2.3 Synthesis of Al-silicate nanoflowers (Al-silicate NFs) 
      The MIL-96(Al) NPs was firstly calcinated in tube furnace at 500oC for 4 
h with a ramping rate 1oC/min. 20 mg of thus calcinated MIL-96(Al) NPs was 
well mixed with 60 mg urea in mixture of 20.0 mL methanol and 10.0 mL 
deionized water, followed by addition of 100 μL ethanol solution of TEOS 
(volume ratio 1:1). The mixture was transferred to a Teflon-lined autoclave which 
was then kept at 150oC for 15 h. Thus resulting hierarchical Al-silicate NFs were 
washed with ethanol and calcinated at 550oC for 4 h in air. 
8.2.4 Loading of inorganic metal oxides and metals nanoclusters  
      For loading of TiO2 NCs, 10 mg of the calcinated Al-silicate NFs was 
dispersed in 10.0 mL deionized water, towards the mixture 0.1~1.0 mL of freshly 
prepared TiF4 aqueous solution (0.04 M, pH = 2) was added. The mixture was 
kept at 60oC for over 6 h in a plastic tube capped with a layer of parafilm. Thus 
obtained TiO2/Al-silicate NFs was redispersed in 10.0 mL deionized water.  
      For loading of Pt NCs, the photodeposition method was employed. 5.0 mL 
of the above TiO2/Al-silicate NFs solution was mixed with 5.0 mL ethanol, 
towards which 0.1 -0.25 mL aqueous solution of K2PtCl4 (20 mM) was added. 
The mixture was magnetically stirred and irradiated with a Hg lamp (125 W; 
Philips) for 2 h to give the Pt/ TiO2/Al-silicate NFs.  
     For loading of AuNCs, the alkaline thiourea solution was firstly prepared 
by mixing 0.12 mL thiourea (0.25 M) and 10 μL NaOH (15 M) in 10.0 mL 
deionized water. Then 0.1 mL of the alkaline thiourea solution was added into 2.0 
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mL aqueous solution of Al-silicate NFs (0.5 mg/mL), followed by addition of 240 
μL of HAuCl4 (1 mM). The mixture was stirred at RT for 1 h and then kept at 
80oC for 1 h to give the Au/Al-silicate NFs.  
8.2.5 Synthesis of PEI/Al-silicate nanocomposite 
     To anchor the (PEI), 10 mg Al-silicate NFs were well dispersed in 30.0 mL 
ethanol solution of PEI (2.7 wt%), followed by addition of 4.0 mL of ethanol 
solution of trimesic acid (0.1 M). The mixture was well stirred and sonicated, 
which then was transferred to a Teflon-lined autoclave and kept at 120oC for 15 h. 
Afterward, the precipitate was washed with ethanol for three times and dried at 
80oC. Note that the PEI could also be anchored on the Al-silicate NFs loaded with 
various metal or metal oxides NCs through similar procedures. 
8.2.6 Adsorption of methyl orange using PEI/Al-silicate NFs  
     Thus prepared PEI/Al-silicate NFs were used for adsorptive removal of 
methyl orange from water under different conditions. To study the adsorption 
kinetics, PEI/Al-silicate NFs of 5 mg were dispersed in methyl orange solution 
(50.0 mL, 25 mg/L, natural pH), and the mixture was stirred in dark at room 
temperature. At every 10 min, 3.5 mL of the mixture was sampled and centrifuged 
at 6000 rpm for 8 min to remove the PEI/Al-silicate NFs adsorbed with methyl 
orange. Afterward, the absorbance of the supernatant was measured using UV-vis 
spectroscopy. The amount of methyl orange adsorbed by per unit of 
PEI/Al-silicate NFs (Q) was calculated using equation 8.1 where A0 and A are the 
absorbance of the methyl orange solution at 643 nm before and after adsorption, 
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respectively, C0 the initial concentration of methyl orange, V0 the total volume of 
the mixture and mads the weight of the adsorbent used.   
ܳ ൌ ሺ୅బି୅ሻ
୅బכ୫౗ౚ౩
כ ܥ଴ כ ଴ܸ  (equation 8.1) 
      To test the pH effect, 5 mg PEI/Al-silicate NFs was dispersed in methyl 
orange solution (35.0 mL, 83.3 mg/L) with different pH values, which was then 
stirred at room temperature for 2.0 h. The amount of methyl orange adsorbed at 
different pH conditions was calculated according to equation 8.1.   
      To evaluate the maximum adsorption capacity of the PEI/Al-silicate NFs, 
2 mg PEI/Al-silicate NFs was well dispersed in 10.0 mL methyl orange solution 
with different concentrations (20 mg-250 mg, pH 5.0), and the mixture was stirred 
at room temperature for 2.0 h. The amount of methyl orange adsorbed was 
calculated according to equation 8.1. 
    To test the stability of the adsorbent, 1.0 mg PEI/Al-silicate NFs was well 
dispersed in 3.2 mL methyl orange solution (31.3 mg, pH 4.0), and the mixture 
was stirred at room temperature for 2.0 h and then the removal efficiency of 
methyl orange was calculated. To regenerate the adsorbent, the spent Al-silicate 
NFs was firstly redispersed in 1.0 mL of diluted NaOH solution with a pH value 
of 9.5; after centrifugation, the adsorbent was washed with 1.0 mL of diluted HCl 
solution with a pH value of 4.0.  Thus recovered Al-silicate NF adsorbent was 
reused to adsorb methyl orange at the same condition. 
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8.2.7 Characterizations   
    The morphologies were observed by transmission electron microscopy 
(TEM, JEM-2010, 200 kV), high-resolution TEM (HRTEM, JEM-2100F, 200 
kV), field emission-scanning electron microscopy (FESEM, JSM-6700F). The 
structural information was gathered by Fourier transformed infrared spectroscopy 
(FTIR; Bio-Rad FTS-3500ARX). N2 adsorption−desorption experiments were 
performed by a Quantachrome Instruments NOVA 4200e surface area and pore 
size analyzer at 77.3 K after overnight degassing in ﬂowing N2 at 150 °C for the 
Al-silicate NFs and at 70oC for the PEI/Al-silicate NFs, respectively. The sample 
was subjected to  thermogravimetric analysis (TGA, DTG-60A, Shimadzu) 
where the temperature was hold at 100.0oC for half an hour with a ramping rate of 
10.0oC/min and then increased to 800.0oC with a ramping rate of 5.0oC/min and 
kept at this temperature for 10 min, and air was used with a flow rate of 50 
mL/min .  
8.3 Results and discussion  
8.3.1 Synthesis of Al-silicate NFs from MIL-96(Al) 
    The Al-silicate NFs were synthesized using the calcinated MIL-96(Al) NPs 
as the starting aluminum source. The hydrothermal synthesis of bipyramidal 
MIL-96(Al) colloidal NPs with size around 250 nm (Figure S8.1) was described 
in our previous work.[32] As an aluminum trimesate, the original MIL-96(Al) NPs 
demonstrate intensive FTIR bands between 1300-1700 cm-1 (Figure 8.1f, the blue 




Figure 8.1. (a-e) TEM images of amorphous transition alumina NPs from 
calcination of MIL-96(Al) at 500oC for 4h in air; (f) FTIR spectra of MIL-96(Al) 
being calcinated at different temperatures for 4 h in air. 
of carboxylate groups complexed with aluminum atoms.[33] Thermal treatment of 












carboxylate and the formation of transitional aluminas.[34] After calcinations at 
470oC for 4 h, though most absorption bands disappear, the absorption bands at 
1623, 1590,1460 and 1392 cm-1 remain observed, indicating that most of the 
aluminum trimesate groups still exist at this stage (Figure 8.1f, the green curve). 
After calcination at 500oC for 4 h, the four bands of carboxylate almost disappear, 
indicating that most of the carboxylic groups in the aluminum trimesate were 
pyrolysized (Figure 8.1f, the red curve). Also shown in Figure 8.1a-e, 
thus-calcinated MIL-96(Al) NPs become amorphous and have some mesopores 
(Figure 8.1a-e). Thus-formed transitional alumina NPs are brown in color, 
indicating that organic residues from decomposition of trimesic acid still exist in 
the particles. It is also expected that there are numerous coordinatively 
unsaturated Al3+ sites within such amorphous transitional alumina NPs.[35]  
       Hierarchical Al-silicate NFs were obtained when the MIL-96(Al) NPs 
calcinated at 500oC were subjected to hydrothermal treatment with TEOS and 
urea, as demonstrated in Figure 8.2a-e. The Al-silicate NFs have a hollow interior 
of around 200 nm in diameter and from the core many curved Al-silicate petals 
extend out. These Al-silicate petals are so thin that they almost have the same 
contrast as the background under the TEM observation (Figure 8.2d,e). Such 
Al-silicate NFs could be well dispersed in water or ethanol and have high thermal 
stability. EDX analysis revealed that the Al-silicate NFs have a formula of 
(Al2O3)0.6.(SiO2).(H2O)x. Note that such Al-silicate NFs could not be produced 





Figure 8.2. (a,b) FESEM and (c,d,e) TEM images of the Al-silicate NFs; (f) N2 
adsorption-desorption isotherms and (inset) volumetric pore size distribution of 
the Al-silicate NFs. 
 
According to the Brunauer-Emmett-Teller (BET) method on the N2 adsorption 
isotherm (Figure 8.2f), the specific surface area of the Al-silicate NFs is 368 m2/g. 
The pore volume is as large as 1.427 mL/g at P/P0 = 0.975, which further 
confirms the ultrathin nature of the nanopetals in each Al-silicate NFs. The pore 










macropores in addition to the mesopores at 3.9 nm (Figure 8.2f, inset). These 
pores with relatively large sizes should mostly originate from the corner space 
confined by each two nanopetals joined with each other with different angles.   
     The reactivity of the calcinated MIL-96(Al) NPs dictates its interaction 
with the [SiO4]4- ions which are released from hydrolysis of TEOS. As 
demonstrated in our previous work,[32] the original MIL-96(Al) NPs, i.e., those 
not calcinated, are microporous and do not allow access of the [SiO4]4- ions into 
the internal part. Nonetheless, after calcination at 500oC for 4 h, the calcinated 
MIL-96(Al) NPs become mesoporous, thus the [SiO4]4- ions can diffuse deep into 
the interiors. And the aluminum trimesate was decomposed generating the 
unsaturated alumina species which could undergo condensation reaction with the 
[SiO4]4- ions. This could explain why Al-silicate NFs could not be formed when 
the MIL-96(Al) NPs was calcinated at temperature below 500oC. Note that SiO2 
coated Al2O3 NPs were formed under the same conditions when the calcination 
temperature is too high, e.g., higher than 700oC (Figure S8.3).  
8.3.2 Deposition of metal/metal oxide NCs on Al-silicate NFs  
      Due to their inherent acidity, clean surface and large pore volume, the 
as-formed Al-silicate NFs could serve as an excellent catalytic support to host 
various inorganic metal oxide or metal NCs. As a demonstration, shown in Figure 
8.3a-c, numerous TiO2 NCs with sizes less than 5 nm could be deposited on the 
ultrathin nanopetals of the Al-silicate NFs. This was achieved simply by keeping 
the aqueous mixture of Al-silicate NFs with TiF4 at 60oC. By changing the dosage 
of TiF4, the amount of TiO2 NCs loading could be adjusted without changing the 
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sizes. The shapes of the Al-silicate NFs were well maintained after loading of the 
TiO2 NCs (Figure 8.3a,b), but the surface of their nanopetals become quite rough 
due to presence of numerous discrete TiO2 NCs (Figure 8.3b). The lattices of the 
TiO2 NCs were clearly observed by HRTEM (Figure 8.3c).  
     Thus-prepared TiO2/Al-silicate NFs could be used as photocatalysts. As the 
Al-silicate is not conductive, the electrons generated by a TiO2 NC will be 
consumed on-site by the electron accepters. As such, the noble metals such as Pt 
could be selectively deposited on the TiO2 NCs, forming many well-dispersed 
metal-semiconductor hybrid on the Al-silicate NFs. Exemplified in Figure 8.3d,e, 
Pt NCs aggregates were deposited successfully, forming the Pt/TiO2/Al-silicate 
nanocomposite which was also confirmed by element mapping (Figure 8.3g) and 
EDX (Figure S8.4a). Each Pt aggregate is less than 10 nm and consists of several 
Pt NCs with sizes ca. 3 nm (Figure 8.3f, Figure S8.4c). And no Pt NCs was 
formed outside of the Al-silicate NFs. Note that ethanol was used as sacrificing 
agent for deposition of Pt NCs.    
     Besides, shown in Figure 8.3 h,i, Au NCs with size of 3-4 nm are well 
dispersed on the nanopetals of the Al-silicate NFs using thiourea as the reductant. 
The presence of the Au NCs were also supported by elemental mapping and EDX 




Figure 8.3. (a,b) TEM and (c) HRTEM images of Al-silicate NFs loaded with 
TiO2 NCs; (d,e) TEM and (f) HRTEM images of Al-silicate loaded with TiO2 and 
Pt NCs and (g) their relevant elemental mapping; (h,i) TEM images of Al-silicate 
NFs loaded with Au NCs.  
 
experimental section, similar to the deposition of Pt NCs, few Au NCs were found 
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could also be deposited on the Al-silicate NFs via the impregnation-calcination 
method. The preferential deposition of various metal or metal oxides NCs on the 
Al-silicate NFs verified the advantage of our Al-silicate as an universal platform 
for construction of various supported nanocatalysts with no need of surface 
modification. 
 8.3.3 Synthesis of PEI/Al-silicate NFs nanocomposite 
 Preparation of inorganic/organic nanohybrid often involves physicochemical 
reactions at the solid-liquid interface. With the large pore volume and the highly 
accessible interfacial surface area, it is expected that, the Al-silicate NFs could 
hold significant amount of bulky organic molecules. Herein, PEI was coated onto 
the Al-silicate NFs through hydrothermally treating the two species together with 
trimesic acid. Shown in Figure 8.4a-f, thick layers of PEI were grafted on the 
Al-silicate NFs. The PEI/Al-silicate NFs remain well dispersed and the structural 
integrity of the Al-silicate NFs was not affected by the coating process (Figure 
8.4a,b). Compared with the original Al-silicate NFs in Figure 8.2, the petals in the 
PEI coated Al-silicate NFs becomes "less transparent", which have much higher 
contrast compared with the background under TEM observation, and the petals 
seem to connect with each other (Figure 8.4c,d and Figure S8.5). At higher 





Figure 8.4. (a,b,c,d) TEM and (e,f) HRTEM images of PEI/Al-silicate NFs and (f) 
its relevant elemental mapping. 












of substance with lower contrast (Figure 8.4e,f). These "embedded nanowires" are 
the nanopetals standing normal to the sample grid. Note that the nanopetals of 
Al-silicate NFs before anchoring of the PEI are all exposed on the TEM grid 
(Figure 8.2 and Figure S8.5). Elemental mapping (Figure 8.4g) and EDX (Figure 
S8.5) reaffirmed the presence of N in the sample, which verified the formation of 
the PEI/Al-silicate NFs nanocomposite. It should be mentioned that the 
as-obtained PEI/Al-silicate NFs were sonicated and washed with copious ethanol 
for at least three times, so that the free PEI chains were removed from the sample.    
      Different from the white colloid of the original Al-silicate NFs (Figure 
8.5a-i), the colloid of the PEI/Al-silicate NFs was light yellow in color (Figure 
8.5a-ii), as thus-coated PEI was oxidized slightly. The N2 adsorption isotherm of 
the PEI/Al-silicate NFs was also obtained, as shown in Figure 8.5b. According to 
the BET method, the specific surface area of PEI/Al-silicate NFs is 70 m2/g, and 
the pore volume is 0.431 mL/g at P/P0 = 0.975, both of which decreased 
significantly compared with those of the Al-silicate NFs (Figure 8.2f). The 
average pore size diameter obtained from the BJH method decreased from 3.9 nm 
to 1.2 nm, and the pore size distribution remain hierarchical, ranging from 1.0 nm 
to 65.0 nm (Figure 8.5b, inset). This is because that the grafted PEI are 
accommodated within the corner space formed by two adjacent petals of the 
Al-silicate NFs, thus occupying part of the pore volume and blocking some of the 




Figure 8.5. (a) Photos of (i) Al-silicate NFs and (ii) PEI/Al-silicate NFs; (b) N2 
adsorption-desorption isotherms and (inset) volumetric pore size distribution of 
the PEI/Al-silicate NFs; (c) TGA and (d) FTIR spectrum of (i) Al-silicate NFs and 
(ii) PEI/Al-silicate NFs.  
      The Al-silicate with and without PEI was also characterized by TGA 
analysis. Note that the samples were kept at 800oC for 10 min so that all the 
organic species could be removed. Shown in Figure 8.5c-i, 90% of the mass was 
left ultimately for the Al-silicate NFs, and the mass loss was mainly attributed to 
the adsorbed as well as the structural water and residues of the trimesic acid. For 
the case of PEI/Al-silicate NFs (Figure 8.5c-ii), however, significant mass loss 
occurred within the range of 200-600oC, which is mainly due to the 






mass fraction of PEI was calculated to be ca. 34.6% in thus-prepared 
PEI/Al-silicate NFs.   
    The anchoring of the PEI on the Al-silicate NFs was also characterized by 
FTIR analysis. The original Al-silicate NFs have a quite simple FTIR spectrum, 
with a band centered at 1628 cm-1 which is due to the bending of the structural 
water (Figure 8.5d-i).[36] For the case of PEI/Al-silicate NFs, the -O-H stretching 
vibrations are characterized by a very wide band centered at 3421 cm-1. The bands 
at 2960–2830 cm-1 and 1473 cm-1 could be assigned to -C-H stretching and 
bending,[37] respectively. The peak at 1357 cm-1 is from C=N and C-N stretching 
in the partially oxidized PEI.[37] And the peak at 1559 cm−1 is due to –N–H 
bending, which shifted significantly to lower wavenumber compared with that in 
the original PEI (which is ca. 1590 cm-1).[37, 38] Besides the characteristic peaks of 
PEI,[37] the peak at 1614 cm-1 is attributed to stretching of C=O and the peaks at 
1425 cm-1 and 1317 cm-1 are from C-O vibrations in the aluminum trimesate, 
respectively.[39, 40] The additional bands below 1000 cm-1 (e.g., those at 774 and 
713 cm-1) are due to C-C bending of the aromatic ring.[40] Based upon the above 
FTIR analysis, the anchoring of PEI on the Al-silicate NFs should mainly rely on 
the extensive hydrogen bonding and the electrostatic attractive forces between the 
numerous -OH groups on the petals of the Al-silicate NFs and amino groups in 
the PEI polymeric chains. The addition of trimesic acid is necessary to 
immobilize the PEI polymer chains on the Al-silicate NFs. TEM observation and 
FTIR analysis revealed that trimesic acid could be grafted on the surface of the 
Al-silicate NFs via formation of relevant aluminum carboxylate (Figure S8.6). 
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The presence of trimesic acid on the Al-silicate NFs provides more carboxylic 
groups which would work as anchoring site to interact with PEI via hydrogen 
bond and electrostatic attractive forces. The samples prepared without trimesic 
acid or those prepared at room temperature lost most of their PEI polymeric 
chains after being washed with ethanol for three times (Figure S8.7).  
 
       
Figure 8.6. TEM images of PEI/TiO2/Pt/Al-silicate NF nanocomposites. Note the 
dots with higher contrast in (c,d) are Pt NCs. 
      
The PEI could also be anchored on the Al-silicate NFs after the loading of various 
metal or metal oxide NCs. As exemplified in Figure 8.6, TiO2 NCs and PtNCs 
were loaded on the Al-silicate NFs consecutively through the afore mentioned 
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nanocomposites. The PtNCs could be clearly seen at higher magnification, which 
remain well dispersed after loading of PEI (Figure 8.6c,d). And the Al-silicate 
NFs maintained their high structural integrity after consecutive loading of various 
inorganic/organic components, demonstrating high structural stability. Protected 
within a layer of nanohydrogel of PEI, we expect that the inorganic metal 
oxide/metal NCs could be more stabilized and are less likely to be detached off 
from the Al-silicate NF support when used as a supported nanocatalyst.  
8.3.4 Adsorption of methyl orange using PEI/Al-silicate NFs 
nanocomposite  
With the affluent amino groups, supported-PEI-based composite materials are 
excellent candidates for adsorption of anionic organic dyes, CO2 capture and drug 
delivery.[21, 22, 25, 31] Herein our PEI/Al-silicate NFs were evaluated as a cationic 
adsorbent for removal of methyl orange, a typical anionic dye. As a control, the 
Al-silicate NFs without PEI were used for adsorptive removal of methyl orange. 
Shown in Figure 8.7a, after stirring in dark for 3.0 h, only a slight decrease was 
observed in the methyl orange concentration, indicating the low adsorption 
capacity of the original Al-silicate NFs. Different from the control, for the case of 
PEI/Al-silicate NFs (Figure 8.7b), almost 58% of the methyl orange was adsorbed 
within the first 10 min; afterward, the adsorption slows down gradually and 
reaches the equilibrium at 2.0 h. The adsorption kinetics was studied, as shown by 
the temporal evolution of the amount of the methyl orange adsorbed by the 
PEI/Al-silicate NFs (Qt) (Figure 8.7c). Three typical adsorption kinetic models 
were used to fit the adsorption kinetic datasets, including the pseudo-first-order 
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rate equation, pseudo-second-order rate equation and Elovich's equation (Figure 
S8.8).[41, 42] The pseudo-first-order equation (Figure S8.8a) gave the lowest linear 
regression correlation coefficient value (R2), indicating the adsorption of methyl 
orange on PEI/Al-silicate NFs is not a diffusion-controlled process. Both the 
pseudo-second-order rate equation (Figure S8.8b) and the Elovich's equation 
(Figure 8.7c) which are used to describe chemisorption processes[41, 42] could well 
fit the experimental kinetic data. Such result proved the adsorption of methyl 
orange on PEI/Al-silicate NFs as a chemisorption process. The interaction 
between the PEI/Al-silicate NFs and methyl orange relies largely upon the 
electrostatic attractive forces between these two oppositely charged species.  
     The pH value of the solution significantly affect the adsorption capacity 
which was found to decrease dramatically with increasing pH values. Shown in 
Figure 8.7d,  the methyl orange at equilibrium state adsorbed by per unit of the 
adsorbent (Qe) drops from ca 550 mg/g to 250 mg/g when the initial pH value 
increases from 3.1 to 9.0. This is understandable, since at lower pH values more 
amino groups of the PEI are protonated and positively charged which thus could 





Figure 8.7. (a,b) adsorption of methyl orange by (a) Al-silicate NFs and (b) 
PEI/Al-silicate NFs measured by UV-vis spectroscopy; (c) adsorption kinetics of 
PEI/Al-silicate NFs fitted by Elovich's equation; (d) effect of pH on the 
adsorption capacity of PEI/Al-silicate NFs; (e) methyl orange adsorption 
isotherms of PEI/Al-silicate fitted by the Langmuir adsorption model; (f) the 
methyl orange removal efficiency of PEI/Al-silicate NFs being recycled for five 
times and (g,h,i) their relevant TEM images after the fifth recycle.   








the stability of Al-silicate NFs into consideration, the optimal pH values for 
adsorption of methyl orange is recommended to range from 3.5 to 7.0.     To 
evaluate the maximum adsorption capacity of our PEI/Al-silicate NFs, the 
adsorption isotherm was obtained using methyl orange with different initial 
concentration. Depicted in Figure 8.7e, the concentration of methyl orange at the 
equilibrium state (Ce) was plotted against the corresponding Qe. Among the 
models for fitting of adsorption isotherms,[43] the Langmuir isotherm[18] well fits 
the experimental data. Illustrated in equation 8.2, in the Langmuir model Qm 
denotes the maximum adsorption capacity and K the Langmuir adsorption 
constant. In Figure 8.7e, fitting of the experimental data gave K and Qm as 0.046 




     (equation 8.2) 
        The adsorption capacity of our PEI/Al-silicate NFs towards methyl 
orange was compared with various excellent adsorbents selected from a long list 
of studies, including carbon-based materials, TiO2, SiO2 with modified surface, 
layered double hydroxide, polymer fibers and different MOFs. Illustrated in Table 
8.1, so far as we know, the highest Qm ever reported was 934.5 mg/g for a type of 
active carbon prepared from the residues of a plant called Finger citron.[51] Except 
this one, other adsorbents demonstrated Qm below 500 mg/L. Therefore, our 
PEI/Al-silicate NFs demonstrate a much larger maximum adsorption capacity 
compared with most of the existing adsorbents. Note that a pH value of 5.0 was 
employed for the adsorption isotherms in Figure 8.7e. As the adsorption capacity 
of our PEI/Al-silicate NFs increases with decreasing pH value, the maximum 
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adsorption capacity could be even larger than 678.3 mg/L when one decrease the 
pH value. 
 
Table 8.1. Comparison of the maximum adsorption capacities (Qm) of different 
adsorbents 
Adsorbent Qm (mg/g) 
Mesoporous carbon[44] 294.1 
Mesoporous TiO2[45] 454.5 
MOF-235[46] 477 
polyacrylonitrile fiber grafted with PEI[47] 194 
ethylenediamine-grafted MIL-101[48] < 194 
Carbon nanotube[43] 35.4-64.7 
SiO2 with quaternary ammonium PEI[18] 105.4 
Calcinated layered double hydroxide[49] 200 
activated carbons[50, 51] <400 
Finger-citron-based activated carbon[51] 934.5 
Our work: PEI/Al-silicate NFs (at pH 5) 678.3 
 
    The PEI/Al-silicate NFs adsorbed with methyl orange could be separated 
through centrifugation, and desorption of the methyl orange could be achieved 
easily by redispersing in alkaline solution, e.g., a NaOH solution with a pH value 
of 9.5. The recyclability of the adsorbent was also investigated. Depicted in 
Figure 8.7f, the adsorbent was recycled for five times under the same conditions 
described in section 2.6, and no significant decrease in the removal efficiency of 
methyl orange was observed throughout these five cycles. The PEI/Al-silicate 
NFs after being recycled for five times could still be well dispersed in water or 
ethanol, indicating little aggregation. Consistently, supported in Figure 8.7g,h,i, 
the recycled PEI/Al-silicate NFs could be well dispersed on the TEM grid, and 
their original structures are well maintained, showing high structural stability of 
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the Al-silicate NFs. Moreover, the TEM images of thus spent adsorbents quite 
resemble those of the original PEI/Al-silicate NFs in Figure 8.4, which have much 
higher contrast than the background. These results indicate that the most of the 
PEI chains were well kept on the petals of the Al-silicate NFs after being recycled 
for five times.   
8.4 Conclusions  
      In summary, using calcinated MIL-Al(96) as aluminum source, we have 
developed an approach to produce a hierarchical nanoflower (Al-silicate NFs) 
which is formed by multiple thin aluminum silicate lamellae. Thus-prepared 
Al-silicate NFs have a specific surface area of 368 m2/g and a pore volume as 
large as 1.427 mL/g at P/P0 = 0.975. Such Al-silicate NFs could be used as 
catalytic support on which various inorganic metal oxide/metal such as TiO2, Pt 
and Au nanoclusters could be deposited high dispersity. Moreover, with its easily 
accessible interfacial surface area and large pore volume, polyetheyleneimine 
(PEI) was grafted on the Al-silicate NFs with a loading of 34.6% via extensive 
hydrogen bonding. Thus-formed PEI/Al-silicate NF nanocomposites demonstrate 
excellent performance for adsorptive removal of methyl orange from water. The 
adsorption kinetics was well fitted by pseudo-second order rate equation and 
Elovich's equation, verifying a chemisorption process, and the adsorption capacity 
increases dramatically with decreasing pH value. The adsorption isotherm was 
well fitted by the Langmuir model, which gives a maximum adsorption capacity 
of  678.3 mg/g at pH 5.0. Such an adsorption capacity outperforms most of the 
existing adsorbents. Desorption of methyl orange could be achieved simply by 
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redispersing the spent adsorbent in diluted NaOH. The recovered adsorbent 
demonstrate good recyclability, which did not show evident decrease in its 
adsorption capacity after being recycled for five times.   
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Chapter 9  Conclusions and Recommendations 
    To sum up, by selecting proper soft and/or hard templates and controlling the 
process kinetics, several novel physicochemical processes have been developed which 
allow simultaneous synthesis and self-assembly of nanomaterials, generating a variety 
of 1D, 2D or 3D functional inorganic nanostructures with various chemical 
compositions and different levels of architectural hierarchicy and/or porosities; the 
formation mechanism, the reaction kinetics and thermodynamics which regulate the 
size and shape evolution of nanostructures are also well illustrated; the as-prepared 
nanomaterials have been used and evaluated as electrocatalysts, heterogeneous 
catalysts or adsorbents. Specifically, two types of nanomaterials are involved 
according to their chemical compositions and potential applications, as summarized 
below:    
   In the first category, various noble metal nanostructures and their hybrids with 
other transition metal oxides or hydroxides are fabricated, including: (a) mesoscale 
assemblages of aqueous soluble Au, Pt and Pd NCs with different geometric shapes 
which are generated via a soft-templated approach formed from the Hofmeister effect; 
(b) Au and AuxMy (M = Cu, Ag, Pd) metallic alloy hollow nanorods which are 
produced via controlled coalescence among the nanorod-shaped assemblage of 
AuNCs; (c) metal-metal oxide nanocomposites where nanostructures of Cu2O, Co3O4 
or TiO2 are deposited on the AuxPdy hollow nanorods; and (d) hyper-branched 2D Au 
nanofractals with ultrafine nanowires which are fabricated via a kinetically-controlled 
indirect galvanic replacement reaction. The successful formation of such noble 
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metal-based nanostructures rely largely on the well controlled redox kinetics of the 
corresponding metal precursors. These noble-metal-based nanostructures are excellent 
electrocatalysts for electrooxidation of methanol, H2O2 electrochemical sensor and 
oxygen evolution reactions.       
   Different from the first category, the second one involves aluminum silicate-based 
nanostructures which could be used as catalytic supports or adsorbents. Specifically, 
they are: (a) bipyramidal-shaped nanoreactors with 3D porous alumina core 
embedded within a mesoporous aluminum-silicate nanoshell which are prepared 
through the stepwise transformation of the MIL-96(Al) nanocrystals; (b) highly 
porous spherical assemblages of allophanes with disordered mesopores originating 
from the stacking allophane spherules which are formed using the amorphous 
aluminum carboxylate colloidal spheres as Al source and template; and (c) 
aluminum-silicate nanoflowers with ultrathin nanopetals and large pore volume, 
which also forms a nanocomposite with polyethyleneimine. Therefore, starting from 
aluminum carboxylates with different structural features, aluminum silicates with 
distinct morphologies are formed, implying the important role of the template 
structures in regulating the transformation kinetics during the synthetic processes. 
And thus-achieved aluminum silicate-based nanostructures are proven to be excellent 
catalytic supports or adsorbents due to their structural merits.  
 
Recommendations 
  1. Self-assembly of nanoparticles has been witnessed with great successes, leading 
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to formation of numerous assemblages with much larger geometric dimensions than 
the original building blocks. Treating a single nanoparticle as a reactive artificial atom 
has been widely reported. However, treating the assemblages of numerous 
nanoparticles as an assemblage of numerous well-organized artificial atoms is much 
less reported. As the assemblages usually have both structural stability and flexibility, 
the assemblages with well-defined morphologies, just like the micelles of the 
amphiphiles, could be used as soft-templates and also precursors which could be 
transformed into relevant derivatives. Hence, not only the chemical composition, but 
also the interaction among the building blocks could be revised, which might lead to 
interesting nanostructures, as those given in Chapter 4.  
  2. In Chapter 5, the synthesis of Au nanofractals were conducted on tiny copper 
grids coated with a conductive carbon film. According to the formation mechanism 
revealed, the formation of such Au nanofractals could be extended to other similar 
systems which have the anode and the cathode separated by a layer of conductive film. 
Therefore, it is recommended to coat carbon films with different thickness onto a 
large copper grid with different pattern, and then Au nanofractals could be deposited 
onto thus-coated carbon film via similar practices described in Chapter 5. 
  3. Aluminum silicates are one type of the most important silicates in catalysis. And 
in most of the existing researches, SiO2 nanospheres are often used as the template 
and the silica source to control the morphology of the resulting aluminum silicate. The 
different nanostructures of aluminum silicate in Chapter 6, Chapter 7 and Chapter 8 
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are produced using different aluminum carboxylates as template and aluminum 
sources. Comparison of these three chapters reveals that the activities of the 
aluminum carboxylate could be adjusted via multiple approaches, and more 
importantly, when used as templates and aluminum sources, the crystallization 
kinetics could be controlled accordingly which hence enables morphological control 
over the resulting nanomaterials. It is recommended to further explore different 
aluminum or other metal carboxylate solids as templates and metal precursors for 
preparation of relevant interesting nanostructures.     
  4. In Chapter 6, the nanoreactors where the mesoporous aluminum silicate 
nanoshell is embedded with a 3D porous alumina core are created. The outside 
mesoporous shell and the hierarchical internal support offers evident structural merits 
for stabilizing the active components. It is recommended that the interior space within 
a hollow structure could be further engineered and explored to design nanoreactors 
with complicated interiors and thus versatile functions.         
  5. A series of nanocatalysts were prepared in Chapter 6, Chapter 7 and Chapter 8, 
and these nanocatalysts were mainly tested for Suzuki-coupling reactions at relatively 
mild conditions. It is recommended to apply those catalysts for other reactions under 
more harsh conditions, e.g., heterogeneous reactions at high temperatures and 
pressures, so that the structural merits of the nanocatalysts could be fully evaluated.    
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Figure S3.3. Structural transformation of Au NC assemblages prepared 
induced by adding (a) 50 μL, (b) 100 μL, (c) 200 μL, and (d) 400 μL of CTAB 





Figure S3.4. TEM images of (a,b) Au networks prepared without adding 
NaOH in solution A, and (c) local aggregation of AuNCs within Au NC 
assemblages due to addition of HNO3 into the Au NC colloidal solution. 
 
 





Figure S3.5. TEM images of (a) residual ring-like boundaries and (b) 

























Figure S3.7. TEM images of (a) dandelion-like and threadlike Pt NC 
assemblages formed when the reaction solution was stirred throughout the 
reaction process, and (b) spherical dandelion-like Pt NC assemblages formed 























Figure S3.8. TEM images of rectangular platelets of Pt NC assemblages with 





Figure S3.9. TEM images (a,b) of the transient morphology between a 
triangle-platelet and a rhombic platelet. 
 
 





Figure S3.10. TEM images of quasi-spherical Au NC assemblages formed 





Figure S3.11. TEM images of end products formed using PVP as a protection 





Figure S3.12. TEM image of larger Au nanocrystals formed using N2H4 as a 
reducing agent. 
 






Figure S3.13. XPS spectra of S 2p species in the end products for the cases of 
(a) Au, (b) Pt, and (c) Pd and XPS spectra of (d) Br 2p and (e) Cl 2p species in 
the PdS NC assemblages. The black line is the experimental data, the red line 
is the fitted data, the blue line is the base line, other lines are de convoluted 
peaks obtained from fitting the experimental data.  
   For (a,b,c),Only the BE of S 2p3/2 branch is indicated. The BE values at 
162.3, 161.3, 161.5, 161.8 and 160.7 eV represent monosulfide ions and 
possible polysulfide species; see reference Physical Chemistry Chemical 
Physics, 2009, 11, 5445-5454. Such polysulphide might be formamidine 
disulfide, a typical oxidized product from oxidation of thiourea by metal salt 
oxidants; see reference J. Sulfur Chemistry, 2011, 32, 172-197. Other sulfur 
species with higher oxidative states (at high BE regions) were also found, for 
example, the peak at 165.5 eV in the case of Pt and a small shoulder peak at 
around 168.0 eV in the case of Au.  
   Evident signal of Br- and Cl- were observed. BE of Br 2p3/2 at 67.1 eV and 
Cl 2p3/2 at 198.4 can be assigned to typicl Br in CTAB and Cl in CTAC, 
respectively. The shoulder peak of Br 2p3/2 at 68.2 eV can be assigned to Br- 
adsorbed on the surface of NCs. Formation of CTAC is understandable as 
addition of metal-chloride complex (namely HAuCl4, PdCl2 and K2PtCl4) 
would introduce Cl- ions into the reaction solution. In most cases 
concentration of Cl- species was higher than Br- as molar ratio of CTAB to 









Figure S3.14. EDX analyses of some representative end products: (a) line 
scan of an Au NC assemblage, (b) element mapping of Pt NC assemblages, 













Figure S3.15. TEM images of the end products synthesized when Na2S was 







Figure S3.16. Evolution of UV-Vis spectra of the mixture of solutions A and 
B at room temperature with increasing reaction time. Inset photographs: the 














Figure S3.17. TGA analysis of (a) the as-prepared PdS NC assemblages and 
(b) Pd metallic platelet prepared by reducing the corresponding PdS NC 
assemblages. 
  For the original PdS NC assemblages, three stages are observed. Majority 
of organics (32.8%) were decomposed at 180 oC-350 oC. In nitrogen 
atmosphere, thiourea and its oxidized species decompose at around 180 oC 
-250 oC and the typical decomposition temperature of cationic surfactant 
CTAB/CTAC ranges from 180 oC-350 oC. Therefore, the first weight loss 
stage are due to decomposition of thiourea and CTAB in the PdS NC 
assemblages. A second stage with weight loss of 18.7% was observed from 
around 350 oC to 840 oC. Transitional metal polysulphides usually decompose 
within such high temperature. Decomposition of CTAB within this 
temperature framework are also possible when they adsorbed on the surface of 
nanoparticles. Slight weight loss was also observed at temperature higher than 
840 oC, which was due to decomposition of polysulphides on the surface of 
PdS NCs. At the end of the analysis, the substance left in the crucible is white 
gray, which is PdS. The total weight loss is 51.9%. For the Pd metallic platelet, 
weight loss at temperature lower than 360 oC is ignorable, indicating that there 
is little thiourea and thiourea oxide existing in the Pd metallic platelet. At 360 
oC to 660 oC there is evident weight loss, which could be attributed to loss of 
cationic surfactant and some polysulphides; slight weight loss was observed at 
temperature higher than 660 oC, which might be assigned to polysulphides 
which complex with transitional metal (in this case Pd). the total weight loss is 
11.5%. Evidently, compared with the original PdS assemblages, the mass 
fraction of organics in the Pd metallic platelet is much lower, which proves 
that most of the cationic surfactant and sulphur-containing species were 
removed when PdS NC assemblages were reduced by NaBH4.   
    




Figure S3.18. Fitting of the absorbance of the reaction solution (after the 
catalyst was removed) at 400 nm versus reaction time by the first order 
reaction for the reduction of 4-NP to 4-AP at 23oC.  
  Based on the reaction constant, the activity factor (Ka), which is defined as 
the ratio of rate constant over total weight of active metal (M), i.e., Ka = k/M, 
was calculated to be 24.0 s1g1, which is larger than the best Ni catalyst ever 
reported to date (the relative dosage of NaBH4 used in their work was much 
higher than ours; see Green Chemistry 2014, 16, 2273). In addition, the 
turnover frequency (TOF), which is defined as mole of the reactant converted 
by per mole of Pd catalyst per minute, was calculated to be 0.40, which is 
lower than the best record given by double shelled reduced graphene oxide @ 
palladium @ carbon hollow spheres, but higher than most other supported 
























Figure S3.19. HRTEM images of polycrystalline Pd platelet obtained from 
reducing the PdS NC assemblages in NaBH4 solution. As shown, the 
macro-shapes of the original assemblages were well-preserved and short wired 
structures were observed which are formed out of oriented attachment 
between neighboring NCs. 
 
 









Figure S4.1. TEM images (at different magnifications) of AuNC assemblages 
after addition of sodium dodecylbenzenesulfonate (SDBS). No clear 





Figure S4.2. TEM images (at different magnifications) of the product from 
the reaction between AuNC assemblages and AgNO3. 
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Figure S4.3. TEM images (at different magnifications) of the product from 
the reaction between AuNC assemblages and PdCl2. 
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Figure S4.4. TEM images (at different magnifications) of the product from 
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Figure S4.5. Typical HRTEM images of the product from the reaction 
between AuNC assemblages and HAuCl4. Short-ranged oriented attachment 
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Figure S4.6. Elemental mappings of the products from the reactions between 
AuNC assemblages and different metal salts: (a) AgNO3, (b) Cu(NO3)2, and 
(c) PdCl2. 























Figure S4.7. XPS spectra of (a,b,c) Au 4f and (d,e,f) S 2p of the products 
from the reactions between the AuNC assemblages and (a,d) Cu(NO3)2, (b,e) 
AgNO3, (c,f) PdCl2. The dots are the experimental data and the colored lines 
are the fitted data. Only the values of 4f7/2 and 2p3/2 are indicated. The binding 






Figure S4.8. TEM images of the products from the reactions of 1.0 mL stock 
solution of AuNC assemblages with: (a) 0.2 mL of 0.10 M Cu(NO3)2, (b) 10 
L of 0.10 M AgNO3, and (c) 40 L of 0.01 M PdCl2. No surfactants were 
added in these three cases; and (d,e,f) TEM images of the products from 1.0 
mL of stock solution of AuNC assemblages reacted with 0.2 mL of 0.10 M 
SDBS, followed by addition of 0.4 mL of 0.10 M Cu(NO3)2. In absence of 
SDBS or with an excess dosage of transition metal precursor, severe 
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Figure S4.9. (a,b) Line scan of AuPd0.18 hollow nanorod (HNR), the cyan line 
is from Au, the red one from Pd; and (c) EDX spectrum of AuPd0.18 HNRs. 
Copper TEM grid was used in this case for sample preparation. Note that 
unrelated signals such as Cu, Co and Fe are noise backgrounds which come 
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Figure S4.11. (a,b) TEM images (at different magnifications) and (c,d) 
HRTEM images (at different magnifications) of AuCu0.47 HNRs; (e) EDX 
spectrum of AuCu0.47 HNRs. Note that nickel TEM grid rather than copper 
TEM grid was used in this case for sample preparation, and unrelated signals 
such as Ni, Co and Fe are noise backgrounds which come from the nickel 












Figure S4.12. (a,b,c,d) TEM images (at different magnifications) of AuAg0.38 
HNRs; (e,f,) HRTEM images (at different magnifications) of AuAg0.38 HNRs; 
(g) EDX spectrum of AuAg0.38 HNRs. Note that Copper TEM grid was used 
in this case for sample preparation and unrelated signals such as Cu, Co and 
















Figure S4.13. (a,b,c,d) TEM images (at different magnifications) of Au 
HNRs; (e,f) HRTEM images (at different magnifications) of Au HNRs; and 
(g) EDX spectrum of Au HNRs. Note that copper TEM grid was used in this 
case for sample preparation and unrelated signals such as Cu, Co and Fe are 
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Figure S14. TEM images (at different magnifications) of AuxPdy alloy HNRs 
prepared using 1.0 mL of stock solution of AuNC assemblages to react with 
different dosages of PdCl2 in synthesis: column (a) 30 L of PdCl2, column 
(b) 60 L of PdCl2, column (c) 150 L of PdCl2, and column (d) 200 L of 
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FigureS15. TEM images (at different magnifications) of AuxAgy alloy 
products prepared using 1.0 mL of stock solution of AuNC assemblages to 
react with different dosages of AgNO3 in synthesis: column (a) 30 L of 
AgNO3, column (b) 60 L of AgNO3, column (c) 150 L of AgNO3, column 
(d) 200 L of AgNO3. In case (a) where a lower dosage of AgNO3 was 
applied, many larger aggregates were formed within each assemblage. 
Increasing the dosage of AgNO3 to 60 L produces a mixture of HNRs and 
such aggregates. When the dosage of AgNO3 was above 100 L, mainly 
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Figure S4.16. TEM images (at different magnifications) of AuxCuy alloy 
products prepared using 1.0 mL of the stock solution of AuNCs assemblages 
to react with different dosages of Cu(NO3)2 in synthesis: column (a) 30 L of 
Cu(NO3)2, column (b) 60 L of Cu(NO3)2, column (c) 100 L of Cu(NO3)2, 
and column (d) 200 L of Cu(NO3)2. As can be seen in cases (a), (b) and (c), 
when the dosage of Cu(NO3)2 is relatively low, most of the one-dimensional 
assemblages are not integral which consists of many large aggregates. 
Nonetheless, when the dosage of Cu(NO3)2 is too high, shown in the case (d), 
the unreacted Cu2+ in the product mixture could not be removed thoroughly by 
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Figure S4.17. HRTEM image of TiO2 petals deposited on AuPd0.18 alloy 






Figure S4.18. XRD patterns of three different types of metal oxides-AuPd0.18 
alloy HNRs nanocomposites. 
50 nm






Figure S4. 19. Cu2O nanocubes-AuPd0.18 HNRs prepared under the same 
condition described in the main text but with different addition speeds of L-
ascorbic acid: (a,b) L-ascorbic acid was added one drop per second, and (c,d) 
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Figure S4.20. Repeated cyclic voltammograms (CVs) of methanol oxidation 
reaction on GCE coated with (a,b) AuCu0.47, (c,d) AuAg0.38, (e,f) AuPd0.18, 
and (g,h) Au HNRs in an Ar-saturated mixture solution of NaOH (0.5 M) and 
CH3OH (0.5 M) at a scan rate of 50 mV/s. Catalyst loading was 22.75 g. In 
(a,c,e,g), current density is depicted versus the applied potential and for clarity, 
they are also shown as a function of scan time in (b,d,f,h), respectively. The 
electrodes were prepared from the ink which had been stored for one month. 
For the case of AuCu0.47, AuAg0.38 and AuPd0.38 alloy HNRs, the peak current 
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Figure S5.1. XPS spectra of Au 4f for compositional analysis of the precursor 
solutions prepared with different R values: (a) R = 0.2, (b) R = 0.64 and (c) R 
= 4.0. The black dots are the original experimental data and the colored lines 
are calculated data. The BEs indicated are only for branches of Au 4f7/2. 
    
   XPS analysis of the precursor solution was conducted by casting and 
drying the precursor solutions prepared at different R values on clean glass 
substrates. Shown in Figure S5.1, at R = 0.2, only a single-component Au 4f7/2 
is located at BE = 84.5 eV (Figure S5.1a) which is a typical value for Au(I) 
oxidation state. With the presence of X (X = Br and Cl), the Au(I) exists in 
the form of CTA+(AuX2) complex, which is also confirmed by its signatural 
colorless transparent precursor solution and its featureless UV-Vis spectrum 
(Figure S5.2) (Chem. Phys. Lett. 2003, 382, 650-653; Spectrochim Acta A Mol. 
Biomol. Spectrosc. 2013, 103, 349-355).  With increasing R value, the BE 
peak intensity of the Au(I) at 84.5 eV keeps decreasing while a second peak at 
a lower BE rises. For example, at R = 0.64, the second peak at 83.7 eV for Au 
4f7/2 appears in addition to the one at 84.5 eV (Figure S5.1b), indicating now 
coexistence of Au(0) and Au(I) (in the form of CTA+(AuX2)) species.     
When R further increases, e.g., at R > 3.0, the peak at 84.5 eV disappears, with 
only one main peak left at 83.9 eV (Figure 2c of the main text) which is 
typical feature of Au(I) of Au2S whereby the bond between AuS has a 
mixture of ionic and covalent property (Phys. Chem. Chem. Phys. 2009, 11, 
5445-5454). Hence, Au2S is the sole product formed at a high ratio of S2 to 
HAuCl4. In addition, the TEM images (Figure S5.3), the UV-Vis spectrum 




and yellowish brown color of the precursor solution (Figure S5.2) which is 
consistent with the previous research (Phys. Chem. Chem. Phys. 2009, 11, 
5445-5454), all confirmed the formation of Au2S under high ratio of S2 to 
Au(III). 
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Figure S5.2. (a) UV-Vis spectra and (b) a photograph of precursors with two 
different R values.  
 
     
   
 
Figure S5.3. Au2S aggregates formed from the precursor with R = 4.0. 
    
 







Figure S5.4. XPS spectra of Br 3d in the precursor solutions with different R 
values: (a) R = 0.2, (b) R = 0.64, and (c) R = 4.0. The black line is the 
experimental data, the blue line the calculated data, the green and pink lines 
are deconvoluted peaks from fitting the experimental data. Note that only Br 
3d5/2 branches are labelled. 
    In Figure S5.4, two oxidation states are observed for Br. The Br 3d5/2 in 
all the tested samples exhibits a peak at 66.8 eV which belongs to CTAB 
(Figure S5.4). The Br 3d5/2 at 68.4 and 68.6 eV was observed for the cases of 
R = 0.64 and 0.2, respectively. This higher BE peak is assigned to the Br ion 
in the (AuBr2) complex. Nevertheless, the second peak of Br 3d5/2 for R = 4.0 




Figure S5.5. XPS spectra of (a) S 2p and (b) Ag 3d in the precursor solution 
with R = 0.64, and (c) S 2p from Au2S in the precursor solution with R = 4.0.     
     In Figure S5.5, XPS analysis also confirms that silver and sulfur species 
are almost negligible in the precursor solutions with R < 2.0 (Figure S5.5). 
This is because that the highly oxidized products of S2 such as SO42 forms 
insoluble precipitates while those unreacted S2 species exist as Ag2S 
aggregates, both of which could be removed through simple centrifugation. In 
addition, the Ag+ ions released from oxidation of Ag2S could also be removed 
from the precursor solution by forming various insoluble species with chloride 
ions such as (AgX)n (n  1), CTA+(AgBr2) (J. Mater. Chem. 2011, 21, 
15608-15618).   








Figure S5.6. HRTEM images of the Y-shaped branches of the Au nanofractals 
and their lattice fringes. Branch splitting and self-repetition is a very common 
phenomenon in the fractal patterns, leading to highly hierarchical structures. 
 
 







Figure S5.7. TEM images of Au nanofractals formed when the precursor 
solution was dropped on a CCG. The Au nanofractals formed on CCG have 
comparable local integrity and anisotropy to those formed on FCCG. 
 






Figure S5.8. XPS spectrum of Br 3d on the Au fractal patterns (R = 0.64). The 
Br 3d5/2 peak is located at 67.2 eV, which is from CTAB adsorbed on the 
nanowires of the fractal patterns. The black line is the experimental data and 






Figure S5.9. Electrical conductivity measurement between the two sides of a 
FCCG (i.e., along the direction perpendicular to the formvar/carbon film): (a) 
the copper grid side and (b) the carbonaceous side. Note that the FCCG was 
placed directly on a metallic copper tape for the convenience of conductivity 
testing. The conductivity was tested by pointing one of the probes on the 
FCCG and the other on the copper tape. Six pieces of FCCG were tested to 
avoid random errors, which revealed that the conductivity across the 
formvar/carbon film of the FCCG is quite high, with an average resistance 
lower than 0.3 Ohm.  







Figure S5.10. TEM images of spherical fractal pattern with different 
resolutions formed when dropping the precursor solution (R = 1.2) on a 
formvar/carbon coated nickel grid at room temperature. The Au fractal pattern 
in this case consists of many large Au aggregates, and the branches have lower 




Figure S5.11. Actual experimental setting corresponds to schematic depiction 
in Figure 6 in the main text.  










Figure S5.12. TEM (a,b) and SEM (c,d) images of carbon-coated copper grids 
(CCG) immersed in the precursor solution for 12 h: (a) thin Au fractal patterns 
and irregular Au aggregates formed when the copper grid of CCG faces up in 
the precursor solution. Note that the electron beam of TEM can transmit 
through the carbon film of CCG, and thus products on both sides (i.e., Au 
nanofractals on the carbon film side and Au aggregates on the copper grid 
side) can be observed simultaneously in the image (a), (b) Au fractal patterns 
formed when the carbonaceous side of CCG faces up in the solution, (c) 
irregular Au aggregates formed on the copper grid side when the copper grid 
side of CCG faces up in the precursor solution, and (d) Au fractal patterns 
formed on the carbonaceous side when the copper grid side of CCG faces up 
in the precursor solution. Note that the Au fractal pattern observed in (a) is 
much thinner and less dense in population than those produced in (b). Similar 
to the findings from the investigations with FCCG, there is no Au fractal 
pattern on the copper grid side of CCG (i.e., only irregular Au aggregates were 
produced on the copper grid side).  
 
 











Figure S5.13. Snowflake-like Au nanofractals prepared by dropping the 
mixture of the precursor solution (R = 1.0) and ethanol with a volume ratio of 
1:1 on a FCCG. 
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Figure S6.1. XRD pattern of MIL-96(Al) nanocrystals prepared at different 
conditions: (a) 150 oC, volume ratio of ethanol to acetone 1:1; (b) 180 oC, 
volume ratio of ethanol to acetone 1:1. The XRD pattern of our MIL-96 (Al) 
nanocrystals is in good agreement with those reported in the literature (J. Am. 
Chem. Soc. 2006, 128, 10223.).  
 





Figure S6.2. TEM images (in different magnifications) of irregular aggregates 
formed during synthesis of MIL-96(Al) nanocrystals: (a,b) without adding 
PVP, and (c,d) without adding acetone. Note that other conditions were kept 
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Figure S6.3. TEM images (at different magnifications) for transient structure 
formed in the first round of hydrothermal treatment of MIL-96(Al) 
nanocrystals which were prepared at different conditions: (a,b,c,d) 150oC and 
the volume ratio of ethanol to acetone 1:1, and (e,f) 180oC and the volume 
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Figure S6.4. TEM images of AlOOH@mAl-silicate formed from MIL-96(Al) 
nanocrystals at different reaction conditions: (a,b) 150oC and the volume ratio 
of ethanol to acetone 1:1, (c,d) 180oC and the volume ratio of ethanol to 
acetone 1:1. Note that the particle size in (a,b) are evidently smaller than those 
in (c,d). Starting from MIL-96(Al) nanocrystals with different sizes would 
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Figure S6.5. TEM images (at different magnifications) of 
Al2O3@mAl-silicate formed from calcining the relevant AlOOH@Al-silicate 
firstly in Ar for 2 h and then in air for another 2 h at 650oC.  
 
 
Figure S6.6. TEM images (at different magnifications) of 
Al2O3@mAl-silicate after being calcined at 800oC in air for 2 h. 
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Figure S6.7. Indicated by the red arrows, some smaller Al-silicate hollow 
shells (i.e., without Al2O3 nanosheets) are also found occasionally (about 3% 








Figure S6.8. TEM images (at different magnifications) of 
Al2O3@mAl-silicate loaded with 3.9% of Pt NPs. Shown in c, d, e and f, at 
higher magnifications, the Pt NPs with sizes of only a few nanometers could 
be observed clearly. 
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Figure S6.9. TEM images (at different magnifications) of 
Al2O3@mAl-silicate with 0.53% Pd loading. 
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Figure S6.10. TEM images (at different magnifications) of 
Al2O3@mAl-silicate loaded with 2.12% of Pd. Shown in b, c and d, at higher 
magnifications, the Pd NPs with sizes of only a few nanometers could be 
observed clearly. 
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Figure S6.11. TEM images (at different magnifications) of 
Al2O3@mAl-silicate loaded with 6.4% of Cu and 1.25% of Zn. Note that Cu 




Figure S6.12. TEM images (at different magnifications) of 
Al2O3@mAl-silicate loaded with 16.0% of Co. Note that Co exists in the form 
of Co3O4 NPs. Note that because the loading was very high in this case, a 
small portion of Co3O4 NPs were also formed on the exterior surface of 
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Figure S6.13. TEM images of (a,b) the crashed Al2O3@mAl-silicate and 
(c,d,e,f) Al2O3 nanosheets and detached Pt NPs after grinding the 
Pt/Al2O3@mAl-silicate nanoreactors. From the images c-f, we note that 
(still-attached) Pt NPs are mainly located on the edges of Al2O3 nanosheets. 
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Figure S6.14. EDX spectra of Al2O3@mAl-silicate loaded with (a) CuO/ZnO, 
(b) Pt, and (c) Pd. In the case (a) a gold grid was used as the sample support, 
and in the cases (b) and (c), copper grids were used as the sample support. The 
signals of the metal grid (namely Cu for copper grid and Au for Au grid), 
those of the Al2O3@mAl-silicate (i.e., including Al, Si and O), and the 
elements of relevant catalyst metals loaded in each case could be found 
















Figure S6.15. XRD patterns of the Al2O3@mAl-silicate loaded with various 
metal precursors prepared via the impregnation-calcination method. In the 
case of Pt, both Pt NPs and K2PtCl4 (remaining metal precursor) coexist in the 
sample (the blue patterns). In the case of Co, Co3O4 NPs were formed (the red 
pattern), and in the case of Cu, CuO NPs were formed (the black pattern). 
Different from the previous three cases, the Pd/Al2O3@mAl-silicate 
nanoreactors were also reduced in H2 at 200oC for 3 h, and thus Pd NPs were 










Figure S6.16. Freestanding Pd NPs formed outside of the Al2O3@mAl-silicate 
at a high metal loading of 5.3%. 
 
Table S6.1. Suzuki cross-coupling reactions catalyzed by 
Pd/Al2O3@mAl-silicate nanoreactors a 
Entry ArX Time / min Yield 
1 4-Bromoacetophenone 22 100% 
2 4-Bromoanisole 20 84.1% 
3 4-Bromotoluene 20 60% 
4 4-Iodoacetophenone 18 98% 
a Reaction conditions: ArX (0.5 mM), phenylboronic acid (1.0 mM), K2CO3 
(2.0 mM), ethanol (10.0 mL), and the catalyst (5 mg of 










Figure S6.17. Typical GC spectra of (a) the original reaction mixture and (b) 
the mixture after being catalyzed by Pd/Al2O3@mAl-silicate nanoreactors at 
85oC for 25 min. The major chemicals are well resolved by the GC column: 
ethanol with a retention time of 1.96 min, idobenzene with a retention time of 
3.84 min, the internal standard n-dodecane with a retention time of 4.78 min, 
phenylboronic acid with a retention time of 4.89 min, and the product 















Figure S6.18. TEM images (at different magnifications) for 
Pd/Al2O3@mAl-silicate nanoreactors with 2.0% loading (a,b,c,d,e,f) before 
and (g,h,i,h,j,k,l) after being recycled for 11 times for Suzuki coupling 
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Figure S6.19. TEM images (at different magnifications) for 
Pd/Al2O3@mAl-silicate nanoreactors with 2.0% loading after being recycled 
for 11 times for Suzuki coupling reaction between idobenzene and 
phenylboronic acid. The cyan arrows in (a,b,c) show some shell fragments 
from broken Pd/Al2O3@mAl-silicate nanoreactors. The red arrows show that 
in those hollow shell of Al-silicate (i.e., without Al2O3 nanosheets) severe 
aggregation of the pristine Pd NPs occurred after the catalytic reaction, 












Figure S6.20. TEM images of (a,b) Pd/Al2O3 before the catalytic reaction and 
(c,d,e,f) after being recycled for 6 times. Before the catalytic reaction, though 
large Pd nanoparticles are observed occasionally, at very high magnification 
many small Pd nanoclusters could be observed (b). Nevertheless, after being 
recycled for 6 times (c,d,e,f), large Pd aggregates with much higher contrast 
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Figure S7.1. Element mapping (up panel) and EDX spectrum (bottom panel) 
of a AlSiP2 sphere which confirmed that the element Si has been 
homogeneously integrated into the AlP1 spheres. Signal of Cu in the EDX 









Figure S7.2. FETEM images (with different magnifications) of mesoporous 
spheres of allophane assemblages (MSAA) in which numerous hollow 
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Figure S7.3. TEM images (with different magnifications) of the as-prepared 








Figure S7.4. An example of EDX analysis of the calcinated MSAA. Six 
different thick areas of the calcinated MSAA samples were measured to give 
the average atomic ratio within the MSAA.   
 




Figure S7.5. (a,b) TEM images of products from hydrothermal treatment of 
10.0 mg of AlP1 with 30 mg of urea in 10  mL deionized water at 150 o for 
12 h; (c,d) TEM images of products from hydrothermal treatment of 10.0 mg 
of AlP1 with 30 mg urea and 2.5 mg NiSO4.6 H2O; (e) XRD of the products 
shown in (c,d), the major peaks could be assigned to the signals of bohemite 













Figure S7.6. TEM and HRTEM images (with different magnifications) of 
product obtained by replacing the AlP1 with the commercial γ-Al2O3 (50 μm) 
while other conditions are kept the same. Note, no hollow spherules of 








Figure S7.7. TEM and HRTEM images (with different magnifications) of 
product obtained by firstly calcinating the AlP1 in air at 250 oC for 4 h which 
then was used to prepare the MSAA according to the same conditions and 
practice described in the main text. As shown, the formation of the hollow 
allophane spherules is not homogeneous, and the hollow spherules are sparse 









Figure S7.8. TEM images (with different magnifications) of products 
obtained from reacting 6.3 mg of SBA 15 with 6.0 mg of Al(NO3)3, 50.0 mg 
urea in 10.0  mL deionized water at 150 oC for 15 h. The nanosheets 
observed in the TEM images are AlOOH nanocrystals; no hollow spherules of 
allophane were observed. Note, the SBA-15 was prepared according to the 
well-established method reported in literature (Science, 279, 1998, 548-552). 
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Figure S7.9. TEM images of the final products formed from the AlSi which 
was prepared with addition of (a,b,c) the surfactant cetyltrimethyl ammonium 
bromide (CTAB) or (d,e,f) the polymer Pluronic F-127. As shown, SiO2 
aggregate was formed outside of the large spheres. The hollow spherules of 





100 nm200 nm600 nm
60 nm 60 nm 50 nm




Figure S7.10. TEM images (with different magnifications) of product formed 
when urea was replaced by NaOH aqueous solution during the conversion of 
AlSiP2 to MSAA. The AlSiP2 spheres were etched and become porous, 












Figure S7.11. TEM images (with different magnifications) of Co-doped 
MSAA with different magnifications. As shown the MSAA well maintain its 











Figure S7.12. EDX spectra of (a) Ni-doped MSAA and (b) Co-doped MSAA. 





Figure S7.13. TEM image (with different magnifications) of the Ni-doped 
MSAA when the weight ratio of Ni2+ to MSAA is 12.0%. As shown, breakage 
and coalesce among the spherules occur as some lost their spherical shape and 









Figure S7.14. (a,b) TEM images of numerous Pt nanoclusters (NCs) deposited 
on the surface of the MSAA; (c) TEM image of a polycrystalline Pt aggregate 
of around 10 nm which consists of many Pt NCs with a diameter of 2.0 nm; (d) 
HRTEM image of a Pt NC with crystal lattice shown; (e) XPS spectra of Pt 4d 
for the Pt NCs/MSAA nanocomposites. As the binding energy of Pt 4f overlap 
with Al 2p line, the spectrum of Pt 4d was used for analysis. Deconvolution of 
Pt 4d5/2 gives a major component at 316.0 eV, which could be attributed to 
metallic Pt. Such a BE value was higher than that of the typical metallic Pt 
phase (which was ~315 eV) due to the strong attractive force between the Pt 
NCs and the (OH)Al(OH2) group on allophane, accompanied with Pt-O 
















Figure S7.15. (a) TEM, (b) HRTEM images and (c) XPS spectrum of Au 4f of 
dense Au NCs formed on the calcinated MSAA. Deconvolution of Au 4f7/2 










Figure S7.16. TEM image (with different magnifications) of dense Au NCs 









Figure S7.17. TEM images (with different magnifications) of products formed 
from mixture of MSAA alkaline aqueous solution (2.0 mL* 0.25 g/L of 
MSAA + 0.2 mL*75 mM NaOH solution), HAuCl4 (0.12 mL* 1 mM) and 
50.0 μl thiourea alkaline solution (10.0 μl*15.0 M of NaOH + 0.12 mL*0.25 
M of thiourea + 10.0 mL of deionized water). As shown, many NCs were 
formed independently outside of the MSAA. Note that the condition used in 
this experiment was the same as that used to produce the Au/MSAA 
nanocomposites shown in Figure S7.15, except that more NaOH solution was 








Figure S7.18. TEM images of Au NCs/MSAA nanocomposites calcinated at 
250 oC in H2 for 4 h with a temperature increment of 1 oC/min. 
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Figure S7.19. (a) TEM, (b) HRTEM images and (c) XPS spectrum of Pd 3d of 
Pd NCs formed on the calcinated MSAA. Note that the red circle in (b) 
corresponds to a Pd NC with crystal lattice observed. The XPS analysis was 











Figure S7.20. TEM images with different magnifications for spent 
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Figure S8.1. TEM images of MIL-96(Al) NPs with different magnifications. 
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Figure S8.2. SEM and TEM images (with different magnification) of products 
formed using MIL-96(Al) NPs calcinated at 470oC for 4 h. Note the other 
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Figure S8.3. TEM images of products formed using MIL-96(Al) NPs 
calcinated at 750oC for 4 h. Note the other reaction conditions are the same as 
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Figure S8.4. (a) EDX spectrum of Pt/TiO2/Al-silicate NFs which shows the 
presence of the elements including Pt, Ti, O, Al and Si; (b) EDX spectrum of 
Au/TiO2/Al-silicate NFs which shows the presence of the elements including 
Au, Ti, O and Al and Si; and (c) HRTEM image of Pt/TiO2/Al-silicate NFs. 
Note that in (a) and (b) copper grids were used as the sample support and 











Figure S8.5. (a) EDX spectrum of PEI/Al-silicate NFs; (b,c,d) TEM image of 
Al-silicate NFs; (e,f,g) TEM images of PEI/Al-silicate NFs. Note in (a) a 
copper grid was used as sample support. 
b













Figure S8.6. (a) FTIR of product formed from reaction between Al-silicate 
NFs (1 mg in 1 mL ethanol) and trimesic acid (TMA, 0.5 mL, 0.1 M) in 
ethanol at different temperatures for 12 h; (b,c) TEM images of 
TMA/Al-silicate NFs nanocomposite from reaction between Al-silicate NFs (1 
mg in 1 mL ethanol) with (b) 0.5 mL trimesic acid solution (0.1 M) and (c) 
0.05 mL trimesic acid solution (0.1 M) at 120oC. In the above case no PEI was 
added. 
   In (a), the final product was washed with ethanol to remove the unreacted 
trimesic acid before FTIR analysis. As observed, below 80oC, e.g., at 60oC 
(the blue curve) and room temperature (the red curve), the final products have 
similar FTIR patterns with the Al-silicate NFs (the black curve). At 
temperature above 80oC, e.g., 120oC (the pink curve), FTIR spectrum 
demonstrate the characteristic peaks of trimesic acid (the yellow brownish 
curve). These results proved that the the trimesic acid molecules could be 
grafted on the Al-silicate NFs at 120oC. Meanwhile, TEM images in Figure 
S8.6b,c show that the trimesic acid forms solid aggregates with the Al-silicate 












Figure S8.7. Comparison of products formed from treating Al-silicate NFs 
nanocomposite formed under different conditions: (a,b) at 120oC, with 
trimesic acid; (c,d) at 120oC, without trimesic acid; (e,f) at room temperature, 
without trimesic acid. Note that the samples were all sonicated and washed 
with ethanol for three times. As shown, compared with (a,b), the samples in 
the cases of (c,d) and (e,f) have lower contrast. This is because that in the 
latter two cases most of the PEI polymer chains fell off from the Al-silicate 
NFs during the washing process.  
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Figure S8.8. Fitting of the adsorption kinetic data using (a) pseudo-first order 
rate equation; (b) pseudo-second-order rate equation; and (c) Elovich's 
equation. As shown, the pseudo-first order rate equation gave the lowest 






























Qt = 0.83*exp(-t /11.7) + 0.15
R2 = 0.964














Qt = 1.05*t + 8.8
R
2
 = 0.999
